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WELCOME ADDRESS 
 

The application of numerical methods and usage of computers in mathematical 
modelling of environmental and technological processes has a very long tradition at the 
University of Latvia. The history of these activities traces back to the end of 50-ies when the 
Computing Centre of University of Latvia was established, and the first mainframe computers 
(series BESM) appeared there. From the very beginning, physicists were among the most 
active users of this new equipment. The purpose of these activities was industrial research and 
they led to the establishment of the Chair for Electrodynamics and Continuum Mechanics in 
University of Latvia in 1970. Among the founders of that Chair were physicists not only from 
University but also from the Institute of Physics and Institute of Polymer Mechanic with ideas 
for different industrial applications of numerical models. The established contacts with 
researchers in engineer sciences and active collaboration with leading applied research and 
development institutions in Moscow, Leningrad and Kiev in 70-ies and 80-ies have been very 
fruitful and was one of the major reasons of the success of this research direction at University 
of Latvia.  

In the beginning of 90-ies when all organizational structures of research in our country 
underwent dramatic changes, not all ideas and all institutions managed to adapt successfully to 
the new conditions. Fortunately, the people who were involved in computer modelling related 
research were among the most successful. Development of already existing and newly 
established contacts in Western Europe and reorientation of their applied research to 
disciplines actively studied in partner universities was also an important factor for  financing 
our research activities. The first agreement of scientific collaboration with a university from 
the West was signed in 1988 – this was the agreement between Faculty of Physics and 
Mathematics of University of Latvia und the Institute of Electroheat of University of 
Hannover (nowadays Institute of Electrotechnology of Leibnitz University Hannover) in field 
of numerical modelling for solving of different engineering problems in metallurgy and 
semiconductor industry. This collaboration was very successful and has various forms 
nowadays. There are common projects, scientific conferences and publications, there is 
exchange of researchers and more. As a result, research groups involved in this research 
successfully joined the international effort related to the application of computer models to 
industrial processes.  

As a logical next step for concentration of research activities in this field at the Faculty 
of Physics and Mathematics, was foundation of the Laboratory for mathematical modelling of 
Environmental and technological processes in 1994. Currently, the research field of 
engineering physics, the core of which is the multiphysical modelling of environmental and 
technological processes in Laboratory with more than 25 researchers and PhD-Students, is one 
of the largest successfully developing scientific directions at the Faculty for Physics and 
mathematics of University of Latvia. 
            Continuing the tradition established by the international scientific colloquiums 
Modelling for Materials Processing in Riga (1999, 2001, 2006, 2010) and Modelling for 
Electromagnetic Processing in Hanover (2003 and 2008, 2014) University of Latvia with its 
long-time cooperation partner Institute for Electrotechnology of Leibnitz University of 
Hanover organises the current 8-th colloquium Modelling for Materials Processing in Riga in 
September 2017.  
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            In the colloquium recent results of numerical and experimental research activities in 
the field of industrial technologies for creating new and alternative materials, materials with 
highest quality and purity and new innovative products will be presented. In two colloquium 
sessions the new achievements in crystal growth research will be discussed. Traditionally also 
applications in metallurgy are presented, especially on basics of multiphysical models with 
strong interaction of different physical processes – thermal, electromagnetic and 
hydrodynamic. In many cases the processes in multiphase materials with movement of phase 
interfaces and melting/ crystallisation are successfully researched. This colloquium also gives 
the opportunity the young researchers and PhD-Students to present and to discuss details of 
numerical and experimental methods and approaches.  

The actual papers on numerical and physical modelling in these branches are presented 
in the current proceedings. The presented volume of proceedings includes 50 papers by 
authors coming from 10 countries. They will be presented at oral and poster sessions. After 
the colloquium most of the papers will be selected for publication in the scientific journal 
“Magnetohydrodynamics” and in an open access journal IOP Conference series “Materials 
science and engineering”.   
 I wish you interesting discussions and exchange of experience with colleagues and 
friends working in the same field. Finally, I wish all participants a pleasant stay in Riga 
enjoying also some cultural activities in the city! 
 
 
  
 
Andris Jakovičs 

Head of the Chair for Electrodynamics and Continuum Mechanics 

University of Latvia 
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VIII International Scientific Colloquium
Modelling for Materials Processing

Riga, September 21 - 22, 2017

The Synergy of Modeling and Novel Experiments for
Melt Crystal Growth Research

J.J. Derby

Abstract

Computational modeling and novel experiments, when performed together, can enable the
identification of new, fundamental mechanisms important for the growth of bulk crystals
from the melt. In this paper, we present a compelling example of this synergy via the
discovery of previously unascertained physical mechanisms that govern the engulfment of
silicon carbide particles during the growth of crystalline silicon.

Introduction

The engulfment of foreign particles during the growth of multicrystaline silicon is a prob-
lem during the production of high-quality, low-cost photovoltaic devices. In particular,
carbon contamination of the melt, from the original silicon feed and via gas phase reaction
and transport from hot furnace internals, leads to the formation of silicon carbide (SiC)
particles which may be engulfed during crystal growth and adversely affect the subsequent
processing of solar cells [1].

These issues have motivated experimental analyses of particle incorporation during the
directional solidification of silicon ingots [2,3]. A common conclusion of these studies was
that classical theories for engulfment were unable to describe the behavior of SiC engulf-
ment. Since melt convection significantly affects engulfment, microgravity experiments
have been performed in conjunction with terrestrial studies [4, 5]. These experiments
have provided the best data yet available for SiC-Si engulfment; however, accompanying
theoretical analyses were still unable to provide a real quantitative correlation with the
experimental results [4, 6].

In the following discussion, we show rigorous numerical computations that provide
a quantitative representation of the experimental results for this system via a predicted
scaling of critical engulfment velocity with particle radius of vc ∼ R−5/3. Prior, classical
engulfment theories predict either vc ∼ R−1 or vc ∼ R−4/3. Informed by our computational
results, we further describe a simple analysis that explains these scalings.

Experiments

Figure 1 illustrates the ParSiWal (Partikeleinfang bei der Siliziumkristallisation im Weltall)
project, which was designed to study the engulfment of SiC particles during the solidifi-
cation of silicon [4, 5]. The experiments were conducted via the seeding of a silicon rod
with pre-synthesized SiC particles (Figure 1a), which was then placed in a mirror furnace
(Figure 1b) and flown in a low-orbit sounding rocket (Figure 1c) to achieve solidification
and engulfment under microgravity conditions. The same growth system was also em-
ployed on earth for additional studies. These experiments have provided the best data

15

doi:10.22364/mmp2017.1



Figure 1: Microgravity and terrestrial experiments measure critical conditions for SiC particle
engulfment during silicon growth [4, 5]. Right: Silicon sample, seeded with SiC particles, in
crucible. Middle: ELLI mirror furnace in which growth is conducted. Right: TEXUS 51 rocket
flight to achieve microgravity experimental conditions.

Figure 2: (a) A schematic depiction of particle engulfment during solidification. (b) A compu-
tation of a SiC particle article being engulfed by a silicon solidification front by our numerical
model. Geometry and temperature isotherms are shown on the left, with the corresponding
finite element mesh shown on the right.

yet available for SiC-Si engulfment; however, accompanying theoretical analyses were still
unable to provide a quantitative description of experimental results [4, 6].

Model and experimental results

We have developed a rigorous numerical model for engulfment that is free from most of
the simplifying assumptions that have been employed in previous approaches [7] and have
reported steady-state and dynamic studies of engulfment during crystal growth in [8–10].

Our model describes a solid particle interacting with a solidification front, as depicted
in Figure 2(a), with a typical example of a computation of a SiC particle by silicon shown
in Figure 2(b). The crystal solidifies upward with a growth rate vg, and, as melt-solid
interface approaches the particle, repulsive van der Waals forces push it away from the
interface, imparting a particle velocity vp. Due to the upward particle motion, liquid must
flow into the gap to fill the volume previously occupied by the particle, which results in
hydrodynamic drag. If the drag forces—which hinder the particle from moving together
with the advancing solid-liquid interface—dominate, the particle will be engulfed into
crystal. Thus, a force balance on the particle is the pivotal step in modeling its engulfment.
We will return to this force balance to explain the predicted scalings, by different models,
of critical engulfment velocity with respect to particle size.

The experimental data and the results of a series of computations of engulfment are
presented in Figure 3, which shows growth velocity versus particle diameter in a log–log
plot. The terrestrial experimental conditions resulting in engulfed particles are represented
by the solid, red squares, whereas pushed particles (not engulfed) are shown as open, green
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Figure 3: Experimental data and engulfment models for the SiC-Si system [10]. The symbols
denote data from terrestrial experiments; the star denotes a high-confidence engulfment observa-
tion from a microgravity experiment. Curves show predictions of the critical velocity and mark
the boundary between particle pushing (to the left and below) and engulfment (to the right and
above). The black curves represent prior, classical models for engulfment. The results from our
finite-element model (FEM) are shown by the blue, solid curve and the pink, dotted curve. The
position and slope of the curves are discussed in the text.

circles. The single star indicates a high-confidence observation of an engulfed particle from
a microgravity experiment.

The curves in Figure 3 indicate various model predictions for the critical velocity of
engulfment, vc, as functions of particle size. All have been calibrated to intersect the
microgravity datum (star) to account for the unknown value of the Hamaker constant
for this system, which sets the magnitude of the van der Waals repulsive force. These
critical velocity curves should therefore separate the data points representing engulfed
and pushed particles.

The two black lines show predictions for all prior, classical models of engulfment. The
dashed, black line exhibits a slope of -1 and represents models that predict a scaling of
critical velocity, as vc ∼ R−1, such as those described in [2, 11, 12]. The solid, black line
represents models that have more rigorously included Gibbs-Thomson curvature effects
and pre-melting on the solidification interface [13, 14] and predict a straight line with a
slope of -4/3, thereby giving rise to a scaling of vc ∼ R−4/3. Significantly, these classical
models are not able to quantitatively represent the experimental data for this system;
namely, the curves do not divide the data points representing engulfed and pushed states.

In contrast, our finite-element numerical model, shown in Figure 3 by the solid, blue
curve (for microgravity) and the dotted, pink curve (including terrestrial gravitational
effects), is able to quantitatively correlate these data. Namely, all of data points of the
engulfed states lie above these curves, while pushed states (particles not engulfed) lie below
them. Such agreement between theory and experiment has heretofore been unattainable
for this silicon carbide–silicon system.

The success of our numerical model in describing these data is due to its steeper
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slope, measured as approximately −1.675, from which we deduce a scaling of vc ∼ R−5/3.
Significantly, this scaling has not, to our knowledge, been observed nor predicted in prior
studies of engulfment. While we have addressed the origin of this scaling in some detail
in a prior work [10], we present some simpler arguments below.

Analytical scaling arguments

Under critical engulfment conditions, the pushing force on the particle arising from van
der Waals effects is just balanced by drag forces. We approximate these as:

2AR3

3d2
min(2R + dmin)2

=
6πµR2vc
dmin

, (1)

where the left-hand side represents Hamaker’s solution [15] for the van der Waals force
and the right-hand side is the drag computed by lubrication theory [16], both derived
for a sphere approaching a planar interface. Here, we represent the particle radius by R,
the minimum gap thickness by dmin, and the critical solidification and particle velocity as
vg = vp = vc (see Figure 2); A is the Hamaker constant, and µ is the melt viscosity.

If we consider that the particle radius is much greater than the minimum gap thickness,
R � dmin, then the above expression can be simplified and rearranged to show the
dominant scaling behavior:

R

d2
min

∼ R2vc
dmin

, (2)

=⇒ vc ∼ (Rdmin)−1. (3)

The simplest classical theories for engulfment [2, 11, 12] assume that the gap between
the particle and solidification interface is determined solely by molecular interactions, in
which case dmin is independent of the particle radius, giving, via Eq. (3), a scaling of
vc ∼ R−1. More rigorous classical models that included Gibbs-Thomson curvature and
pre-melting on the solidification interface [13, 14] predict that dmin ∼ R1/3. With this
result, Eq. (3) predicts vc ∼ R−4/3.

Our computations for the SiC-Si system [10] showed a significant, previously unap-
preciated interaction between particle-induced deflection of the solidification interface,
via the effects of heat channeling through the particle when its thermal conductivity is
greater than that of the melt, and a flattening of the most curved portion of the interface,
via the Gibbs-Thomson effect. Thus, for a range of particle sizes between approximately
10–100 µm in this system, the solidification interface takes on a rather complicated shape.
We argue that this complicated interface shape has different effects on the van der Waals
repulsion and hydrodynamic drag, leading to a reinterpretation of the force balance of
Eq. (2) as:

R

d2
vdW

∼ R2vc
dD

, (4)

=⇒ vc ∼
dD

Rd2
vdW

, (5)

where we have introduced different gap thicknesses dvdW and dD for computation of the
van der Waals and drag forces, respectively.
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We argue that the short-range nature of the van der Waals force makes it most sensitive
to the minimum approach distance, so that dvdW ≈ dmin and, following prior scaling
arguments [13, 14], dvdW ∼ R1/3. However, the net hydrodynamic drag is computed via
an integration along the gap between the particle surface and the complicated interface
shape. The size of this gap varies, made larger in general by the heat flow through the
particle but decreased in thickness at the centerline, where the Gibbs-Thomson effect
flattens the deepest, most curved portion of the interface; see [10] for more details. We
posit that the outcome is a drag force that does not significantly change with gap, so that
dD can be considered to be constant with respect to R. Use these scalings for dvdW and
dD in Eq. (5) leads to the observed behavior of vc ∼ R−5/3.

Conclusions

Motivated by the inability of classical models to describe experimental data on the engulf-
ment of SiC during silicon crystal growth, we have developed a rigorous, numerical model
to study this system. For the first time in over a decade of research on SiC inclusions
in silicon, our model is able to provide a quantitative correlation of experimental results,
and we are able to unequivocally identify the underlying physical interactions that give
rise to the observed behavior. In particular, we identified a significant and previously
unascertained interaction between particle-induced interface deflection, originating from
the thermal conductivity of the SiC particle being larger than that of the surrounding
silicon liquid, and curvature-induced changes in melting temperature arising from the
Gibbs-Thomson effect. The interface shapes arising from these interactions produce dif-
ferent effects on the van der Waals and hydrodynamic drag forces and result in a scaling
of vc ∼ R−5/3 for particle sizes of relevance in this system. This synergy of modeling and
experiments has thus provided new insight into the fundamentals of crystal growth.
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Abstract 

 

 Liquid metal batteries are possible candidates for large scale energy storage. The major 

difficulties to implementation are their sensitivity to liquid motion and operation at elevated 

temperatures. The concept of liquid metal battery bears a close similarity to aluminium 

electrolytic production cells. The two liquid layer MHD effects can be projected to the three 

liquid layer self-segregated structure of the batteries. This paper presents numerical models for 

the three density-stratified electrically conductive liquid layers using 3D and shallow layer 

approximation accounting for specific MHD effects during periods of battery 

charge/discharge. It is demonstrated that a stable operation of these batteries can be achieved 

if reusing infrastructure of an old aluminium electrolysis pot line. The basic principles of the 

MHD processes in the cells are illustrated by the numerical example cases. 

 

Introduction 

 

 With the growing renewable energy production comes a requirement to store the 

intermittently produced electrical energy to be available at peak consumption times. The 

traditional battery storage is not well suited for a large scale capacity comparable to the needs 

of industrial or urban electrical grids. Liquid metal batteries are possible candidates for such 

large scale energy storage [1]. The attraction of liquid batteries lies in the fast kinetics at 

liquid metal-electrolyte interfaces, simple assembly and recycling, while the major difficulties 

to implementation are their sensitivity to liquid motion and operation at elevated temperatures 

[2]. Important features of the liquid only cells are the continuous renewal of the liquid metal 

electrodes upon charge-discharge cycling, as well as their insensitivity to micro-structural 

degradation mechanisms, which are a major limitation to the majority of solid battery types 

[3,4]. The concept of liquid metal battery bears a close similarity to aluminium electrolytic 

production cells [5]. The two liquid layer MHD effects can be projected to the three liquid 

layer self-segregated structure of the batteries. The trend for commercial aluminium 

electrolysis cells is to increase their size instead of operating a large number of parallel small 

ones. We could assume the same tendency for the practical large scale liquid metal battery 

cells with large horizontal surface area and a small depth of the electrolyte and liquid metal 

electrodes. The operation of the batteries needs to clarify if these will be overly sensitive to 

liquid motion (caused mainly by electromagnetic forces) which potentially may lead to the top 

and bottom liquid metal electrode short-circuiting, accompanied by electrochemical and 

thermal problems [2]. The instability results from interaction of the electric currents with a 

background magnetic field generated by the current supply lines in combination with self- 

induced magnetic field of the current in the cell. In order to prevent the electromagnetically 

driven long wave instabilities, the electrolyte layer thickness should be above a critical limit, 

however the maximum thickness of electrolyte layer is limited by the requirement that the 

voltage loss in the electrolyte must not exceed a significant portion of the available 
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thermodynamic driving force (open circuit voltage) [1]. For the relevant combination of 

metals and salts, this means that the electrolyte thickness should not exceed a few centimetres. 

This paper presents numerical models for the three density-stratified electrically conductive 

liquid layers using 3D and shallow layer approximation accounting for specific MHD effects 

during periods of battery charge/discharge. After considering a simple and straightforward 

battery design the conclusion is that more complex magnetic stabilisation is required to make 

the batteries suitable for practical implementation. The knowledge accumulated in designing 

magnetically stable aluminium production cells [5,6] can lead to breakthrough in the liquid 

battery implementation by reusing infrastructure of an old aluminium electrolysis pot-line. 

Such ‘redundant’ pot-lines are increasingly available due to the present overproduction of 

aluminium raw materials. The model for a typical aluminium electrolysis line of 180 kA cells 

is extended to 3 liquid layer case while preserving the plant arrangements. It is demonstrated 

that a very stable operation of charging and discharging of these batteries can be achieved.  

 

1. Problem set up 

 

 The battery consists of the three liquid electrically conducting layers naturally stratified 

due to their density (see the Figure 1 for the notation to be used in this paper).  The electric 

current from an external circuit is flowing upwards or downwards depending on the 

charge/discharge cycle. The liquid electrodes are highly conductive molten metals (about 106 

S/m), while the molten salt electrolyte has the conductivity of up to 300 S/m. The electric 

current enters and exits the cell via the metallic collectors connected to the external circuit. 

The current distribution in the cell is fully 3 dimensional. The problem can be solved by 

means of spectral algorithm based on Fourier and Chebyshev polynomial expansions: 

     10;  0, , 0, , , ,  1, 2,3,     i x y i ii x L y L z H H i         j                     (1) 
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Fig. 1. Schematic representation and the notation used for the liquid metal battery model 
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The advantage of using the expansion (2) is that it satisfies the condition of insulating side-

walls, while the given collector currents are imposed as the boundary conditions at the top and 

bottom electrode areas at z=H0 and z=H3. The magnetic field (from the currents in the cell and 

the supply lines) is computed numerically using the Biot-Savart law for the volume current 

distribution in the cell and in the external circuit:  




 dV
R3

0

4

Rj
B




.                                                             (3) 

 The respective electromagnetic force f = j × B distribution is recomputed at each time step 

because the electric current is changing in time with the interface H1(x,y,t) and H2(x,y,t) 

variation according to the hydrodynamic wave model. The wave model for the three coupled 

layers can be represented efficiently using the small wave amplitude A and the shallow layer 

approximation after introducing the following non-dimensional parameters: 

1/ 1,A h       1 ,/ xh L      2

0 / ,k x kE IB L g            (4) 

where the electromagnetic interaction terms are scaled by the total current I and the typical 

magnetic field B0, relative to the gravitational restoring forces ρg arising for the small 

amplitude waves in a shallow layer [5]. In the shallow layer approximation, taking into 

account the effects of hydrodynamic damping at the bottom and top solid walls (terms with 

the coefficients kf1 and kf3 ) [5], the two coupled interface dynamics are determined by solving 

the equations: 
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The boundary conditions for the interfaces are derived from the zero normal velocity 

condition at the side walls: 

    1 1 2 1 2/ ,n n nH F F g      
                                      (7) 

    2 2 3 2 3/ .n n nH F F g      
                                      (8) 

The horizontal velocity components Uk (k=1,2) appearing in the wave equations are computed 

from the full Navier-Stokes equation in the shallow layer approximation obtained after the 

depth averaging procedure [5]. The fully coupled MHD solution for the waves and fluid flow 

is validated extensively for the case of a single free interface case valid for the aluminium 

electrolysis cells. The solution is compared for the velocity fields and for the wave 

frequencies. The wave frequencies are similar to the typical gravity wave frequencies, 

however with significantly shifted dominant wave frequency values. The numerically 

predicted values are compared to the measurements on real industrial cells for various 

disruptions in the cell normal operation using the wireless sensor technique [6].   

  

2. Numerical solutions 

 

Computed results for the time dependent flow and interface wave development are 

presented for the case of a particular selection of the liquid metals: magnesium for the top 
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‘light’ layer of 0.2 m thickness at the initial moment, and the similar thickness of liquid 

antimony layer at the bottom. This type of battery is relatively safe to realize in laboratory, and 

was used successfully in the small scale experiments [3]. More efficient (higher value EMF) 

combinations of the metals are available [3,4], however the Mg metal appears to be a 

challenging case due to the small density difference to the liquid electrolyte. The electrolyte 

density ρ2= 1715 kg/m3 in this case is close to the liquid magnesium density ρ3= 1584 kg/m3, 

making this a critical challenge to stabilize the wave motion after a small amplitude A=0.005 

m gravity wave of the leading longitudinal mode (1,0) perturbation is applied as the initial 

disturbance. The bottom metal layer composed initially of pure liquid antimony Sb is expected 

to be easier to stabilize due to the higher density ρ1= 6483 kg/m3. The cell of the horizontal 

length 8 m by 3.6 m in width was used in the numerical experiments, which corresponds to 

the dimensions of a commercial aluminium electrolysis cell. The depth of liquid electrolyte 

mid-layer was varied between 0.02 m to 0.08 m in order to investigate the stability of the 

MHD wave. 

 

2.1. Single collector cell 

The first attempts of modelling use a simple single electric collectors at the top and 

bottom of the cell (Figure 2). The electric current of magnitude I = 100 kA is supplied by a 

single central collector from the top and removed at a single collector at the bottom (Figure 2). 

The computed 3D electric current distribution for this case is shown in the Figure 3, 

demonstrating the presence of high density horizontal current in the metallic electrode layers. 

Due to the low conductivity of the electrolyte the electric current flows almost purely 

vertically in this layer. The distribution of the total magnetic field in the liquid depends on the 

full path of the electric current including the surrounding cells and the return current line. The 

computed electromagnetic force is non symmetric relative to the cell mid-plane due to the 

magnetic field from the complete electrical circuit. The horizontal velocity patterns are non-

symmetric vertical loops as shown in the Figure 4 for the bottom metal case. The velocity in 

the top metal and the electrolyte layer are different due to the differences in the electric current 

and the 3D distribution of the magnetic field. A symmetric vortex pattern could be obtained if 

ignoring the return current line.  

 

 
Fig. 2. The electrical connection of the 

single collector cells showing the current 

distribution in the side connector at the 

bottom  

Fig. 3. The 3D solution for the electric 

current distribution in battery model liquid 

layers 
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Fig. 4. The velocity field distribution in the bottom layer of the single collector battery and the 

interface shape for a stabilised 75 kA and 0.08 m electrolyte thickness case 

 

The long term simulation of the interface wave development with the fully coupled 

electromagnetic interaction demonstrates that the bottom heavier metal interface is stable to 

the perturbation effects. The top metal and the electrolyte interface is easily destabilized, due 

to the small density difference, leading to the wave amplitude growth in a typical rotating 

wave instability [5]. The cell with the single current collectors can be stabilized only when 

reducing the magnitude of the total current I from 100 kA to 75 kA, or alternatively increasing 

the electrolyte thickness from 0.05 m to 0.08 m (Figure 4). The oscillation of the top metal 

interface is not completely damped even for the reduced current or the increased thickness, see 

the Fig. 8 and continues to oscillate at the new shifted frequency. It would be possible to 

operate this battery only at the lower current and at a low efficiency due to the high ohmic loss 

in the electrolyte. 

  

2.2. Multiple collector aluminium production cell 

An improvement in efficiency (by reducing the thickness of the electrolyte layer) can 

be achieved by optimizing the current supply path in such a way that the vertical magnetic 

field is reduced in magnitude and its distribution permits to avoid the MHD wave instability. 

The commercial aluminium electrolysis cells were developed following such stringent 

guidelines. Hence, we attempted to reuse one of the existing optimized bus bar configurations 

for the case of 3 liquid layers filling the cell cavity. The configuration is shown in the Fig. 5. 

In this case the electric current in the liquid layers has a reduced horizontal component, 

particularly in the longer dimension ‘x’, Fig. 6. 
 

               
 

Fig. 5. The connections for cells similar to 

the Trimet aluminium production cells 

Fig. 6. The 3D solution for the electric 

current distribution with multiple 

collectors 
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The computed magnetic field, particularly the Bz component, is much less for the 

magnetically optimized cell at the same values of the total electric current. The computed 

velocities are of smaller magnitude (Fig. 7) and the interface waves are stable after the initial 

perturbation dies out, Fig. 8.  For the stable discharge at reasonable voltage drop of 0.29 V for 

the Mg/Bi battery (0.4 V EMF) the maximum current can reach 75 kA when the critical 

electrolyte thickness is reduced to 0.02 m. In this case the minimum thickness of the metal 

layers can be safely reduced to 0.1 m. 
 

 
Fig. 7. The velocity field distribution in the 

bottom layer of the multiple collector 

battery stabilised 100 kA and 0.025 m 

electrolyte thickness case 

Fig. 8. The top metal oscillations for the 

single collector cell (100 kA, 0.08 m 

electrolyte) compared to the damped 

oscillation in the commercial type cell (100 

kA, 0.025 m electrolyte)  

 

Conclusions 
 

The MHD model for large scale LMB demonstrates that it is possible to design a stable 

to dynamic perturbation operating cell if using the optimized bus bar configuration. The 

bottom heavier metal layer is stable to perturbations, leaving the top lighter metal (Mg, Li, Ca) 

interface stability as the critical step to control. 
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Abstract 
 
 Practical and numerical challenges that have been encountered during implementation 
of multiphysical models by means of coupling between ANSYS and FLUENT, as well as 
solutions that led to physically valid results, are explained on examples of electromagnetic 
levitation, electrode induction melting for inert gas atomization and vacuum arc remelting. 
 
1. Conventional electromagnetic (EM) levitation 
  

The levitation melting was invented in the 1920’s, whereas the first experiments 
appeared only thirty years later as the first high-frequency generators became available [1]. 
Nowadays, EM levitation of a small molten metal droplet (1 to 10 mm in diameter) is a well-
established experimental technique for measurements of thermophysical properties. 

Since EM field 
adjusts to a transient shape 
of the levitating droplet, 
numerical modelling of EM 
levitation of molten metal 
requires coupling between 
EM field and dynamic free 
surface shape. 

A numerical model 
for the liquid metal free 
surface flow in an alternate EM field has been developed by means of external coupling 
between the Lorentz force recalculation in ANSYS, Volume of Fluid (VOF) simulation of a 
transient two-phase flow in FLUENT and free surface shape reconstruction in CFD-Post [2].  

Practical challenges that have been encountered during implementation of the model 
as well as solutions that led to obtaining physically valid results will be discussed (Fig. 1).  
  
2. Electrode induction melting for inert gas  
atomization (EIGA)  

 
One of the methods for powder production 

for additive manufacturing is EIGA [3]. The 
process can be conducted ceramic-free and is 
therefore especially suited for reactive and 
refractory metals/alloys (e.g. Ti-Al6-V4, TiAl). 
The prealloyed cylindrical electrode is immersed 
into a conical induction coil and the generated AC 
magnetic field melts the electrode tip. The liquid 
metal flows down along the surface of the heated 
cone and falls into a gas nozzle, where it is 

 

 

 

 
Fig. 1. Levitation of molten aluminium (m = 20 g) in 
experiment and 3D simulation 

 

 
Fig. 2. 2D simulation of Nb electrode 
induction melting 
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atomized using inert gas. Size of the molten metal droplets and superheat temperature directly 
influences the size of produced particles.  

Numerical model of the electrode melting and dripping involves coupling between EM 
field and dynamics of the free surface shape as well. Additionally, heat transfer that involves 
phase change and heat radiation from the transient free surface has to be calculated.  

Correct choice of the turbulence model, value of the mushy zone constant for 
numerical description of solidification/melting and implementation of the simple radiation 
boundary condition from the free surface inside the calculation domain allowed to obtain 
accurate process description (Fig. 2) and will be presented in this work. 
 
3. Ingot growth during Vacuum Arc Remelting (VAR) process 
 
 VAR is a continuous remelting of a consumable electrode into a homogeneous and 
clean ingot by means of an electric arc under vacuum [4]. VAR is used for production of Ni, 
Ti, Zr and iron-based alloys for aerospace, power, defence, medical and nuclear industries. 

During the VAR process a DC voltage is applied to strike the 
arc between the electrode and some start material at the bottom of a 
copper crucible. Intense heat generated by the arc heats the bottom 
surface of the electrode and start material, eventually melting both. 
Molten metal drips off from the electrode tip and a solid ingot forms 
in the water-cooled crucible (Fig. 3). Later the ingot cools down and 
shrinks away from the cooled crucible wall, thus affecting the current 
flow and heat transfer through the side surface of the ingot. 

The growing ingot has a molten metal pool. The flow in the 
pool is driven in meridional plane by the counter-acting thermal 
buoyancy and the Lorentz force (arc current interaction with its own 
magnetic field). The arc can be confined with the aid of an axial DC 
magnetic field created by external coil. In this case, external 
magnetic field additionally stirs the melt in azimuthal direction. 

Numerical modelling of the ingot growth during the VAR 
process requires coupling between EM, fluid flow and thermal 
problems. Additionally, dynamic mesh layering has to be applied to 
account for the ingot growth. Model implementation and solved numerical difficulties that led 
to an accurate simulation of the ingot growth will be discussed. 

Three different flow regimes and their transitions will be observed in the molten metal 
pool and obtained characteristic process values will be correlated with analytically derived 
measure for the dominant flow type. 
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Abstract 

 

 A new method for silicon crystal growth using granulate as feedstock material has 

been proposed recently. This method bears resemblance to the well-known float zone growth 

but also places new challenges for both hardware design and numerical modeling. In this 

study we focus on the high-frequency induction heating. We compare and validate numerical 

models implemented in the commercial software package Comsol and open source software 

GetDP, using both analytical solutions and measurements of the 3D magnetic field 

distribution for real inductor shapes. The options to improve the overall modeling accuracy 

are discussed. Results from direct measurements of the inductor current and of the 

temperature-dependent electrical conductivity of silicon granulate are presented. 

 

Introduction 

 

 Four decades of float zone (FZ) growth of large-diameter silicon crystals at IKZ clearly 

point to the design of high-frequency (HF) electromagnetic (EM) induction as one of the main 

challenges. This includes development of HF generators considering the risk of arcing at high 

voltages, inductor design for an optimal induced current distribution, and numerical modeling 

of 3D HF EM fields for a continuous support of the aforementioned tasks. A recent 

development at IKZ is silicon crystal growth using a granulate crucible (Si-GC), see [1]. In 

this process, silicon granulate in a quartz container is first partly melted from above by an HF 

inductor, preserving a solid layer at the container walls. Then a cylindrical crystal is pulled 

through the inductor central hole out of the continuously replenished melt. The increased 

inductor voltage on the one hand and the use of special susceptors during melting and seeding 

on the other hand lead to new challenges compared to FZ growth and require precise 3D HF 

models for the hot-zone and process development in a limited parameter range. 

 

1. Experimental setup 

 

 In this study we consider only selected parts of the growth setup, which are relevant for 

EM calculations: 1) inductor; 2) graphite dummy load or container with silicon granulate 

below the inductor; 3) graphite susceptor in the inductor center hole; see Fig. 1. The inductor 

typically consists of a circular plate of copper with a central hole and a main slit where the 

current supplies are connected. The supplies together with the water cooling channel are 

connected to a coaxial vacuum-sealed feedthrough leading to the HF power supply behind the 

furnace. The inductor, the feedthrough, and a capacitator form a heater resonance circuit 

which is inductively coupled to a tank circuit fed by a vacuum tube generator [2]. 

Consequently, the inductor frequency depends both on the inductor load as well as on the 

resonance in two coupled circuits. 
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Fig. 1. Experimental setup: (a) 2 inch inductor (60 mm hole) with silicon granulate; (b) 4 inch 

inductor (130 mm hole) with graphite dummy load; (c) heater (C2) and generator tank (C1, 

L1) resonance circuits 

 

2. Numerical models 

 

 For the 3D electromagnetic calculations we use Comsol Multiphysics with the ACDC 

module (MF physics interface). The time-harmonic equation for the magnetic vector potential 

is solved using the finite element method. The typical working frequency is 2.5 MHz, leading 

to very small skin depth both in the copper inductor (0.04 mm) and graphite parts (1.4 mm). 

Such skin depths can be hardly resolved for realistic 3D geometries; therefore, the Boundary 

coil model is applied to the inductor while the Surface impedance boundary condition (SIBC) 

is applied to all other electrically conducting surfaces [3]. Several aspects of these modeling 

assumptions have not been yet discussed in the literature: 

• What should be the effective inductor thickness in the Boundary coil model and how 

accurate are the resulting values for the inductor power, voltage, and inductance? 

• In what range of skin depth can the SIBC model be used with reasonable accuracy? 

These questions can be answered by comparing the 3D model to 2D simulations with a fully 

resolved skin depth for an axisymmetric geometry. We consider a conducting sphere 

(R=10 mm) in a homogeneous axial magnetic field (2.5 MHz); see Fig. 2. This setup allows 

for an analytic solution and has been used frequently in the literature as a benchmark case. 

The total induced heat in the sphere is calculated in a 3D model in Comsol as described 

above, a 2D model in GetDP with fully resolved skin depth, and a simplified boundary 

element (BEM) calculation often used in the literature for FZ simulations [4]. The resulting 

values agree between all cases within 5% for a skin depth of 0.3 mm (liquid silicon). Small 

deviations below 5% probably occur because the magnetic field in Comsol and GetDP is 

generated by an axisymmetric coil (R=0.2 m) which also contains a small 3 mm gap in the 3D 

case. The resulting magnetic field is nearly vertical close the rotation axis, but not perfectly 

homogeneous. For the skin depth of 7 mm (solid silicon at low temperatures), the induced 

power in the cases with SIBC and BEM models can be overestimated by more than 100%. 

The skin depth in the inductor was 0.04 mm in both cases. Heat losses in the inductor 

as well as voltage and inductance agreed between GetDP and Comsol models within 4% if the 

theoretical skin depth was specified as the Boundary coil thickness in Comsol. The same 

results were obtained in Comsol if the SIBC was applied directly on the inductor surface. 

Furthermore, 2D models in Comsol agreed well with 3D models. 

 

C1 

C2 

L1 

a) b) c) 
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Coil

Sphere

 

 

 

Skin depth 0.3 mm 7 mm 

 Induced heat 

Comsol 

3D 

13.6 W 186 W 

GetDP 2D 13.3 W 77.6 W 

BEM 2D 14.4 W 381 W 

Analytic 

(given B) 

13.9 W 81.1 W 

 

Fig. 2. Verification of the numerical model: (a) 3D & 2D benchmark geometry; (b) typical 

power density distribution in the sphere; (c) induced heat in the sphere 

 

3. Validation experiments 

 

3.1. Material properties 

 While the electrical conductivity for copper and graphite is well known, the value for 

solid silicon granulate depends on material microstructure and impurities as well as on 

temperature. Therefore, a special setup has been developed for the electrical conductivity 

measurements for a single granulate particle. The setup consists of a sample heater and a 

standard four-point resistivity measurement device [5] with tungsten carbide needles at 

0.6 mm distance, see Fig. 3. First measurement results in Fig. 3 show the typical temperature-

dependence, but with much higher resistivity than known from the literature for crystalline 

silicon [6]. This could be explained with the production process of silicon granulate by 

deposition from a gas phase, resulting in a very fine grain structure. These measurements will 

be repeated with different setups including also a package of many granulate particles. 
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Fig. 3. Measurements of electrical conductivity of undoped silicon granulate: (a) 

experimental setup; (b) results compared to literature (undoped crystalline silicon) 

 

3.2. Inductor current and frequency measurements 

 The HF inductor current is an important input parameter for numerical simulations. 

However, the HF generator is usually controlled by setting generator voltage or power, which 

are only remotely related to the inductor circuit parameters. To measure the inductor current 

directly, contactless Rogowski sensors around the feedthrough could be used or 

Sample 

heater 

Granulate 

particle 

(5 mm) 

a) b) c) 

a) b) 
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voltage probes could be attached to the capacitors. 

However, suitable probes for HF currents in the MHz 

range, at currents over 1000 A or voltages over 4 kV, are 

hardly available. Therefore, a simple 1-winding coil was 

placed near the feedthrough as shown in Fig. 4. It picks up 

a HF voltage of typically 10 Vrms. This voltage can be 

related to the inductor current either analytically or by a 

comparison to current or voltage measurements at low 

generator powers using commercially available probes. 

The first results indicate that the HF current amplitude 

reaches 800...1200 A in a 2 inch growth process. 

 The HF inductor resonance frequency is usually 

continuously measured with a high-resolution counter and 

is a sensitive indicator of changes in inductor loading. In a 

similar manner, a general-purpose sinus generator, a 

reference capacitor, and an oscilloscope can be used to determine the resonance frequencies 

and hence inductances of separate parts in the inductor circuit. The following values were 

determined for a detached/ attached inductor: L = 148/ 190 nH and L = 203/ 240 nH for the 

2 inch and 4 inch inductor, respectively. Consequently, the inductance of the coaxial 

feedthrough can be estimated as about 40 nH. The inductance of a detached inductor shows a 

good agreement with numerical calculations for the 2 inch case. These measurements are 

useful to develop a circuit model to predict the resonance frequency or to relate inductor 

voltage (relevant for arcing) to the electric parameters of the generator. 

 

3.3. Magnetic field measurements 

 An experimental setup for measurements of the 3D magnetic field of HF inductors has 

been developed at IKZ previously [7]. It allows one to analyze various inductor shapes and 

validate numerical simulations. The inductor is attached to a low-power test generator while 

the magnetic field is measured by miniature coils. Fig. 5 shows the setup during a 

measurement and the result for the 2 inch inductor compared to 3D simulations with the real 

inductor geometry. A good agreement can be observed using an analytically estimated 

calibration coefficient for the measurement coils. For further measurements, these coils will 

be calibrated in a HF Helmholtz coil with a precisely known magnetic field. 
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Fig. 5. Measurements of inductor magnetic field: (a) experimental setup; (b) results compared 

to a 3D simulation of the inductor (horizontal line 2.5 mm below the inductor) 
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4. Modeling of the heating process 

 

 The validated 3D numerical model is applied in this section for the optimization of the 

heating process (the first stage in the Si-GC growth process). Experiments with the 4 inch 

system showed more problems with arcing and unstable generator operation than with the 2 

inch system. For a theoretical comparison of both systems, a somewhat idealized geometry is 

considered here, with a dummy load with variable electric conductivity (5·10
4
 S/m for 

graphite, 1.39·10
6
 S/m for silicon melt, 2·10

3
 S/m for solid silicon granulate at about 1200 °C 

after Sec. 3.1). A constant frequency of 2.5 MHz and inductor current amplitude of 1000 A is 

assumed in all calculations. 

 The typical heat source distributions in Fig. 6 show the highest heating in the dummy 

and susceptor at the positions closest to the central inductor hole, where the HF current on the 

inductor flows predominantly. A “cold spot” forms at the center of the dummy. This area 

should be heated in the initial melting stage by heat radiation from the susceptor. Hence, the 

vertical positions should be adjusted to increase the power fraction induced in the susceptor. 

Radial slits in the susceptor could be also used to move the heat sources closer to the center. 

 

2 inch 

 

4 inch 

 

Fig. 6. 3D EM calculations: geometry and induced heat distribution [W/m
2
] for the case with 

solid silicon dummy and graphite susceptor (using two color scales, with dummy on the left) 

 

 The electrical parameters of the system were evaluated for various inductor loads as 

summarized in Tab. 1. Some important conclusions are as follows: 

• The calculated inductance of the 4 inch inductor is only 13% higher than for the 2 inch 

inductor (37% higher in resonance measurements). The supply geometry obviously plays 

an important role. The lower inductance in simulations indicates further optimization 

possibilities of the inductor geometry with regard to the risk of arcing at high voltage. 

• All considered loads decrease the total inductance and inductor voltage by up to factors 

1.3 and 2.0 for the 2 inch and 4 inch cases, respectively. This effect emphasizes the 

decisive role of the load for the risk of arcing. The difference between the 2 inch and 4 

inch systems hints at the influence of the spatial size of the load. 

• The absolute inductor voltage for realistic power levels may exceed 2 kV which is close to 

the previously measured critical breakdown voltage of 2.1 kV/ 3 mm in argon at 

temperatures exceeding 800 K [8]. 

• In the model, a low electrical conductivity of the load results in a large increase of the 

induced power, theoretically reaching 50...100 kW for solid granulate. In experiments,  

strong damping of the resonance circuit was observed, so that HF oscillations decayed and 
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power transfer to the load was stopped. In such cases, the graphite or silicon had to be 

moved farther from the inductor to decrease the damping effect. Further experiments with 

a different HF generator consisting of a single resonance circuit are planned. 

It should be noted that a fixed resonance frequency was assumed in this study. A decrease of 

the inductance by factor of 2 would increase the frequency 1.4 times. For more precise results, 

this effect should be taken into account. 

 

Tab. 1. 3D EM calculations for 2 inch/ 4 inch systems: inductance L[nH], inductor voltage 

U[kV], induced power in dummy (160 mm/ 230 mm diameter, 10 mm distance to inductor) 

Qd[kW] and susceptor (52 mm/ 110 mm diameter) Qs[kW] 

Case 2 inch 4 inch 

 L U Qd Qs L U Qd Qs 

Inductor without load 151 2.37 - - 170 2.68 - - 

Ind. + dummy (5·10
4
 S/m) 121 1.90 12.4 - 87 1.37 25.6 - 

Ind. + Si solid (2·10
3
) 128 2.00 47.2 - 100 1.58 101 - 

Ind. + Si melt (1.39·10
6
) 120 1.88 2.5 - 84 1.32 5.2  

Ind. + susc. (5·10
4
) 130 2.05 - 19.6 135 2.12  19.3 

Inductor + Si solid + susc. 118 1.86 27.9 10.6 92 1.45 75.7 6.5 

 

Conclusions and outlook 

 

 Numerical analysis of the heat induction reveals that inductor design and choice of 

suitable process parameters and geometry is crucial to prevent arcing and ensure stable 

generator operation in the 4 inch Si-GC process. A precise numerical model including 

validated material properties, realistic inductor current values, and resonance frequency 

adjustment has been proposed and will be applied for further process development. Topics 

such as suitable susceptor geometry, decrease of the generator frequency, or further reduction 

of the inductor inductance will be considered in particular.  
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Abstract 

 

The present work is devoted to the numerical modelling of the crucible-free growth of 

silicon crystals. Electromagnetic heating is performed by toroidal high-frequency (up to 

2.6 MHz) inductor. The method is intended to be used for the growth of small-size (d < 20 

mm) crystals. Phase boundaries were calculated in axially symmetrical approximation. 

However, due to the proximity of the inductor the melt flow is strong and can significantly 

influence the shape of the melting interface. Therefore, the additional model of the melting 

process was created using OpenFOAM software library. More precise interface shape and its 

dependence on time was obtained. Parameter studies were performed to investigate the 

influence of inductor current frequency and pedestal height on the growth process. 

 

Introduction 

 

 For the more precise characterization of contamination in polycrystalline silicon, it 

should be melted and then recrystallized in the form of single crystal. To ensure that no 

contaminant atoms are added during the process, 

contact between Si melt and any other system part 

should be avoided, and it can be done by various 

crucible-free methods. First, floating zone (FZ) 

method can be used. However, it is relatively 

expensive to prepare a FZ suitable feed rod. The 

second option is to use recently proposed single 

crystal growth method from the granulate crucible 

[1]. Its main complication is the preparation of the 

granulate itself, which is an undesirable step in the 

case of bulk polycrystalline material 

characterization. 

 Therefore, the possibilities of the third 

option – pedestal method – were considered. Since 

the meniscus angle must be equal to 11° for the 

stationary growth, crystal diameter must be smaller 

than pedestal diameter [2]. To melt the feed rod, 

electron beam heating was proposed [3], however it 

requires relatively expensive electron control 

equipment and a vacuum chamber. Pedestal Si 

growth systems with the inductive heating are 

Fig. 1. The simplified scheme of the 

apparatus in the axially symmetrical 

approximation 
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described in literature only for extremely small crystal diameters and intended for narrow 

applications [4]. 

 The present paper is devoted to the numerical modelling of the small-size (d < 20 mm) 

Si crystal growth process, which is simpler and less expensive than the previously mentioned 

ones.   

 

1. System description 

 

 The simplified scheme of the considered system is shown in Fig. 1. The high-

frequency coil induces electric current in the polycrystalline pedestal, which is located below, 

and melts the central part of it. To begin the growth process, crystal seed is introduced in the 

centre of the molten zone, and then pulled upwards. By adjusting pulling rate, crystal diameter 

can be controlled. In the present paper, only the cylindrical phase is considered and in every 

model the axially symmetrical approximation is used.  

 The system has two reflectors: thick quartz reflector below the pedestal and ring-

shaped thin copper reflector, which is located around the pedestal. The main system 

parameters are: crystal radius RC = 6 mm, feed rod radius RF = 6 mm, feed rod length H = 

40 mm, inductor frequency f = 440 – 2640 kHz, inductor radius RI = 26,5 mm, crystal pulling 

rate vC = 2 mm/min, copper reflector inner radius RR = 55 mm.  

 

2. Model description 

 

2.1. Phase boundaries 

 Temperature field in the silicon parts and reflectors is calculated using the standard 

diffusion equation, without taking melt motion into account. Heat radiation and 

electromagnetic (EM) induced heat are used as boundary conditions. For the heat radiation 

description, view factor model is used with the effective ambient temperature Tamb and fixed 

inductor temperature Tind (due to water cooling). EM field was calculated in high-frequency 

approximation. 

From the thermal gradient distribution, the moving rates of each point of the phase 

boundaries are obtained, taking the latent heat into account. The shape of the free melt surface 

in the present model is defined by hydrostatical pressure, centrifugal forces, surface tension 

and EM induced pressure. This model is created based on principles described in [5]. 

 

2.2. Melt flow, fixed phase boundaries 

 Two models of the melt flow were used in the present work. First of them considers 

fixed phase boundaries. It imposes incompressible laminar Navier-Stokes equation for the 

melt velocity, with Boussinesq approach for the thermal convection description. Marangoni 

force density and EM force density are considered on the free surface. Standard convection-

diffusion equation is used for melt temperature, with EM induced heat and radiation as 

boundary conditions. This model is implemented using OpenFOAM software library [6]. 

 

2.3. Melt flow, moving phase boundaries 

 To take Si melting into account, Stefan method is used. The model described in the 

previous subsection is complemented with phase variable fc, that changes from 0 in the melt to 

1 in the solid Si, as shown in (2.1). The solidification was modelled by increasing melt 

viscosity, as well as density and heat conductivity, for high fc. To add this model to the melt 

flow solver, the model was implemented in the OpenFOAM library. Smearing interval T  

was decreased, until the solution was not dependent on it. In this way T  = 0.5 K was found. 
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3. Calculation results 

 

2.1. Inductor frequency 

Four values of f were used for the parameter study: 440, 880, 1320 and 2640 kHz. By 

adjusting inductor current I, it is possible to obtain almost identical phase boundaries, see 

Fig. 2. However, the higher the inductor frequency is, the closer free surface is located to the 

inductor. It happens, because, for fixed heating power, EM pressure is higher for the lower 

frequencies. Inductor frequency influence on melt temperature and velocity is shown in Fig. 3 

(the model with fixed phase boundaries was used).  

The change of the main system parameters over inductor frequency is shown in Fig. 4. 

Due to smaller inductor current and melt velocity, higher frequencies are more favourable for 

the system. Maximal temperature in the calculations with melt hydrodynamics (HD) is much 

lower, than in calculations without it, because intensive convection, both thermal and EM, is 

present in the system. Two main vortexes arise in the melt, as it can be seen in Fig. 3, and they 

radically increase qmax at the melting interface. To check its influence on the phase boundaries, 

additional calculations of the interface melting were performed using Stefan model.  

 
Fig. 2. The shape of phase boundaries for different inductor frequencies 

  

2.2. Pedestal height 

 The calculations of the interface melting were first performed with f = 880 kHz and 

H = 40 mm. The presence of the crystal was simulated by setting const




n

T
= 5 K/mm 

condition on the central round spot on the free surface, with radius RC. Due to intensive melt 

flow vortexes, crystallization interface becomes deeper until the whole pedestal melts. To 

prevent it and ensure crystallization interface deflection zcrys ≈ 30 mm, inductor power was 
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manually controlled (see Fig. 5.). That allowed to obtain smaller molten zone height for larger 

H (see Fig. 6). Moreover, the distance between the molten zone and the pedestal bottom 

increased. However, in the case with H = 60 mm the highest energy losses are expected. 

  
Fig. 3. Melt temperature (left) and velocity magnitude (right) in calculations with f = 440 kHz 

(top) and f = 2640 kHz (bottom) 

 

 
Fig. 4. In reading order: inductor current, maximal melt temperature, maximal melt velocity, 

maximal heat flux density on the melting interface. Calculations performed without melt flow 

(red) and with melt flow (blue) 

 
Fig. 5. An example of growth control. Inductor power (green) and interface deflection (blue) 
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Fig. 6. Melt flow calculations with the moving interface. Pedestal height H is (from left to 

right) 40 mm, 50 mm and 60 mm. Arrows denote melt velocity vectors 

 

2.3. Growth control parameters 

 During the melting and crystal growth, one cannot observe zcrys directly. Hence, it is 

necessary to find another parameter, that correlates with zcrys and can be easily observed. The 

following parameters were checked: molten zone outer radius rcrys T20,0 and temperatures  

T40,-10, T40,-20, T40,-40 (first index denotes radial coordinate, second index – vertical coordinate). 

The scheme of point locations and parameter dependence on time is shown in Fig. 7. To 

characterize the connection between temperature T at an arbitrary point and zcrys, a fitting 

function was created: ),()( 0 bTTaTf  where a and b are free parameters, which were 

numerically fitted to minimize the residual error ttztTfS

t

t

d)())((

2100

0

crys




 .  

The results of the performed approximation are shown in Tab. 1. Temperatures at the 

upper part of the pedestal (first three rows) for H = 50 mm show unrealistic connection with 

zcrys: a > 0 means interface movement upwards and freezing when T is increased. Therefore, 

calculations with H = 60 mm are more significant for the present analysis. The lowest S was 

obtained using T40,-40. The final formula for interface deflection evaluation for both considered 

pedestal sizes is ).248(00025.0 040,40crys   TTz  

 
Fig. 7. In reading order: point location scheme, temperature at the free surface (point 20,0), 

molten zone outer radius (rcrys), temperature at pedestal side (point 40,-20). On the horizontal 

axis real time (in seconds) is shown. Interface deflection zcrys is shown with the blue line 
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Tab. 1. The results of the approximation for different pedestal sizes 

 H = 50 mm H = 60 mm 

 a b S a b S 

T 20,0 0.00047 -98 0.00013 -0.00072 4 0.00241 

T 40,-10 0.00015 -152 0.00016 -0.00037 125 0.00114 

T 40,-20 0.00010 -239 0.00017 -0.00030 152 0.00096 

T 40,-40 -0.00022 263 0.00015 -0.00026 243 0.00030 

 

Conclusions 

 

The numerical model was created for the crucible-free pedestal system with high-

frequency induction heating. The model allowed to analyse inductor frequency influence on 

the inductor current, the shape of phase boundaries and other system parameters. Calculations 

showed that higher frequencies are more favourable for the experimental growth. 

Taking melt convection into account led to significantly deeper interface, in 

comparison with the shape obtained without melt flow, and to pedestal bottom melting. 

Therefore, the length of the pedestal was increased. The formula for the evaluation of the 

crystallization interface deflection was elaborated to allow growth control in a real 

experiment. However, the results should be used with caution, because model system has not 

been verified yet by comparison with growth experiments. 
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Abstract 

 

 Numerical modeling is applied to investigate the impact of crystal and crucible rotation 

on the flow pattern and crystal-melt interface shape in Czochralski growth of oxide semi-

transparent crystals used for piezoelectric and optical applications. Two cases are simulated in 

the present work: the growth of piezoelectric langatate (LGT) crystals of 3 cm in diameter in 

an inductive furnace, and the growth of sapphire crystals of 10 cm in diameter in a resistive 

configuration. The numerical results indicate that the interface shape depends essentially on 

the internal radiative heat exchanges in the semi-transparent crystals. Computations performed 

by applying crystal/crucible rotation show that the interface can be flattened during LGT 

growth, while flat-interface growth of large diameter sapphire crystals may not be possible.   

 

Introduction 

 

 Czochralski (Cz) technique is used for the growth of a variety of oxide materials such 

as Al2O3 (sapphire), Y3Al5O12 (YAG), LiNbO3, Bi4Ge3O12 and La3Ga5.5Ta0.5O14 (LGT). 

Among these oxides, LGT and his homologous compounds, are of interest as raw materials 

for piezoelectric applications. Sapphire has also many applications, being used for lasers, 

optical windows or as substrate for Light Emitting Diodes (LED) devices.  

 The Czochralski method has been well developed in time for the growth of oxide 

crystals [1]. However, the quality of crystals is still affected by defects as dislocations, 

inclusions, cracks and facets. Numerical simulation has become an important tool to 

investigate Cz growth of semi-transparent oxide crystals [2-8]. In their work [2], Xiao and 

Derby studied the effect of the internal radiation in Cz growth of yttrium aluminum garnet 

(YAG) and gadolinium gallium garnet (GGG). They found that the conical shape of the 

crystal-melt interface depends on the internal radiant transfer through the crystal. Other papers 

investigated the heat and mass transport phenomena at different stages of the Cz growth 

process [3,4]. It is generally recognized that the deeply convex shape of the interface in these 

oxide systems, generate high thermal stress in the crystal, which may promote cracking, facets 

and dislocations [5,6]. Crystal and crucible rotation can be applied to flatten the interface and 

reduce thermal stresses [2,7,8]. Numerical computations carried out in [7,8] have shown that 

the interface can be flattened in Cz sapphire growth by applying crystal/crucible counter 

rotation. However, no experimental validation of these numerical results has been provided. It 

should be pointed that in practice, only crystal rotation is used in Czochralski growth of 

oxides. 

 The objective of the present work is to investigate the impact of crystal and crucible 

rotation on the flow pattern and interface shape in Cz growth of LGT and sapphire crystals. 
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1. Model Description 

 

 Numerical modeling is performed by using the finite element code COMSOL 

Multiphysics. Heat transfer and momentum equations are solved for a 2D-axisymmetric 

furnace configuration, where all the furnace components are included. The internal radiative 

heat transfer in semi-transparent LGT and sapphire crystals is simulated by using P1-

approximation model.  The laminar flow computations include buoyancy, Marangoni and 

forced convection due to crystal and crucible rotation. Simulations are performed at a given 

stage of the crystallization process. A model which uses the deformable mesh technique to 

compute the shape of the crystal-melt interface, has been implemented in COMSOL 

Multiphysics. Transient computations with deformed mesh are conducted by using initial 

conditions for temperatures and flow velocities carried out from steady-state simulations.   

 

2. Numerical Results 

 

 The modeling is performed for two different Czochralski configurations. LGT crystals 

of 3 cm in diameter are grown in an inductive heated furnace (see Fig. 1). The electromagnetic 

field produced by a RF coil induces eddy currents in an iridium crucible (6 cm in diameter) 

which is heated by Joule’s effect. Figure 1 shows the temperature field (at the left side), 

streamlines and flow velocity (at the right side) computed at the middle stage of the growth 

process. The solidification isotherm is shown (in blue color) on the figure. High temperatures, 

above the melting point are obtained only in the melt and a small region around the crucible. 

The radial temperature gradient at the free surface of the melt, which drives the Marangoni 

convection, is cm/K200GTr  . 

 Figure 2 shows a resistive heated Czochralski configuration used to grow sapphire 

crystals of 10 cm in diameter. The input power in the heater is much higher as compared to 

the previous case. Numerical computations show a more extended area of high temperatures 

in the furnace (see the left side of the Fig. 2). It is found that the resistive heating ensures 

small temperature gradients in the melt. The radial temperature gradient at the free surface of 

the melt is cm/K28GTr  . 

 

2.1. Internal Radiative Effect  

 The effect of the radiative heat exchanges in the semi-transparent LGT crystal is 

analyzed in Fig. 3. Figure 3a shows the results carried out from a computation which takes 

into account the internal radiative heat exchanges in the crystal. The radiation is absorbed and 

emitted by the semi-transparent LGT ingot, leading to a significant increase of the effective 

thermal conductivity of the crystal. The huge difference between the thermal conductivities in 

the solid and liquid phases is responsible for the deeply convex shape of the interface. The 

computed interface deflection ( cm2.2f  ) was validated by comparison to experimental 

measurements in our previous work [9]. The flow pattern is characterized by one main vortex 

which flows upwards along the crucible wall and downwards at the sample centerline. The 

interface becomes almost flat in the computation performed for an opaque crystal (Fig. 3b). 

The radial temperature difference in the crystal at the proximity of the triple solid-liquid-gas 

point is much higher in the case which accounts for the internal radiative effect: 

K110T  (semi-transparent crystal) and K15T  (opaque crystal). 
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Fig. 1. Temperature field (left side), streamlines and velocity field (right side) computed in an 

inductive heated Czochralski configuration used to grow LGT crystals of 3 cm in diameter  

 

Fig. 2. Temperature field (left side), streamlines and velocity field (right side) computed in a 

resistive heated Czochralski configuration used to grow sapphire crystals of 10 cm in diameter  
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2.2. Effect of Crystal and Crucible Rotation  

 The effect of crystal and crucible rotation in Cz growth of piezoelectric LGT crystals 

of 3 cm in diameter was analyzed in our previous work [9]. Numerical computations have 

shown that the interface can be flattened by applying only crystal rotation at high rates 

( rpm5045crystal  ), due to reversed flow at the sample centerline, underneath the crystal. 

Applying crystal/crucible counter rotation in this configuration, leads to a distorted shape of 

the interface. 

 The effect of the forced convection in the case of sapphire crystals (10 cm in diameter) 

is analyzed in Fig. 4. Computations are performed for a crystal length of L = 4 cm (conical 

part of the ingot). The case computed without rotation shows that the liquid downwards at the 

sample center, below the crystal (Fig. 4a). The computed interface deflection ( cm3.5f  ) is in 

agreement with the experimental result in [10]. Applying only crystal rotation at rates greater 

than a critical value ( rpm20crystal  ), changes the flow direction at the sample centerline. The 

upward flow located below the crystal has a flattening effect on the growth interface. 

However, this effect becomes important starting with rotation rates of rpm30crystal   

(Fig.4b). In this case, the interface curvature decreases, but the convection becomes unstable, 

having a deleterious effect on the interface shape, which is slightly distorted. If the rotation 

rate is increased above rpm30 , the interface is more distorted by the flow. Figure 4c shows the 

case computed with crystal and crucible counter rotation: rpm30crystal  , rpm30crucible  . 

Applying crucible rotation intensifies the downward flow below the crystal, and opposes the 

beneficial effect of the crystal rotation, so the interface remains curved.  

 

 

 

 

 

 

Fig. 3. Temperature field and isotherms (left side), streamlines and velocity field (right side) 

computed for Cz growth of LGT: (a) semi-transparent crystal; (b) opaque crystal 

(b) (a) 
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Fig. 4. Temperature field and isotherms (left side), streamlines and velocity field (right side) 

computed with crystal/crucible rotation in the case of sapphire growth: (a) 0crystal  , 

0crucible  ; (b) rpm30crystal  , 0crucible  ; c) rpm30crystal  , rpm30crucible   

(a) 

(c) 

(b) 
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Conclusions 

 

Previous numerical analysis of crystal/crucible rotation effect in Czochralski growth of 

small diameter (3 cm) piezoelectric LGT crystals have shown that the interface can be 

flattened by applying only crystal rotation at high rates rpm5045crystal  [9]. The present 

computations show that the growth interface cannot be flattened in the case of large size 

sapphire crystals (10 cm in diameter).  Applying only crystal rotation at high rates results in a 

distorted shape of the interface, while crystal/crucible counter rotation has no flattening effect, 

due to the opposite directions of the induced flows. These results are in agreement with 

experimental Cz growth of sapphire crystals, which generally uses only crystal rotation at low 

rates [6]. 
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Modelling of Industrial Czochralski Processes for Photovoltaic 
Applications 
 
J. Seebeck, K. Dadzis, P. Bönisch, J. Friedrich, L. Sylla 
 
Abstract 
 
 A large share of the PV-market is mono-crystalline silicon, as a material for the 
production of solar cells. The major production process for mono-crystalline silicon is 
Czochralski growth. Special to the Czochralski (CZ) growth is the complex interplay of 
various transport phenomena like (radiative) heat transfer, gas flow, turbulent melt convection 
and species transport. 

We developed an advanced numerical model for the description of the CZ process that 
takes into account a 3D description of the melt flow which is coupled to a 2D model of the 
surrounding furnace. The numerical model contains all important physical effects. This model 
has been shown to be very accurate in the prediction of the phase boundary shape and oxygen 
concentrations [1]. 

In this contribution, we report on our latest results utilizing our numerical model for 
the optimization of industrial CZ processes. A systematic study on the influence of various 
process parameters like e.g. crucible and crystal rotation rates was performed. We demonstrate 
how our model can be used for global process optimization as well as for detailed process 
analysis and determination of correlations. 
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Modelling of Thermal Field and Point Defect Dynamics During 
Silicon Single Crystal Growth Using CZ Technique 
 
A. Sabanskis, J. Virbulis 
 
Abstract 
 
 Mathematical modelling is employed to numerically analyse the dynamics of the 
Czochralski (CZ) silicon single crystal growth. The model is axisymmetric, its thermal part 
describes heat transfer by conduction and thermal radiation, and allows to predict the time-
dependent shape of the crystal-melt interface. Besides the thermal field, the point defect 
dynamics is modelled using the finite element method. The considered process consists of 
cone growth and cylindrical phases, including a short period of a reduced crystal pull rate, and 
a power jump to avoid large diameter changes. The influence of the thermal stresses on the 
point defects is also investigated. 
 
Introduction 
 
 The Czochralski method is widely used to produce silicon single crystals for the 
semiconductor industry. Two PID controllers are commonly used to adjust the crystal pull rate 
and the heater power. The crystal quality depends on the microdefect distribution, which is 
determined by the self-interstitials and vacancies, as well as the dopants. The whole CZ 
process is highly non-stationary (transient), which means that it cannot be precisely described 
using a steady-state model. The dynamical nature of the CZ process is especially actual for the 
point defect calculations, due to the dependence on the thermal history of the crystal. 
 In the present paper, the existing model [1] is extended with the possibility to calculate 
the point defect distribution and thermal stresses in the crystal. 
Transient calculations of cone and cylindrical growth are carried 
out, including a pull rate drop. The novelty of the present work is 
that the power jump is explicitly considered in the simulations to 
avoid large diameter changes. 
 
1. Mathematical model 
 
1.1. Temperature and phase boundaries 
 An axisymmetric geometry is considered, see Fig. 1. The 
non-stationary temperature field and the changing shape of the 
phase boundaries are calculated with the program CZ-Trans as 
described in [1]. Heat transfer by conduction and thermal 
radiation is considered; the influence of the convective heat 
transfer is modelled indirectly via increased thermal conductivity 
of the melt. The heater is described as a surface with a 
homogeneous temperature distribution which changes in time. 
 

 
Fig. 1. Scheme of the 
considered CZ system 

51

doi:10.22364/mmp2017.7



1.2. Point defects 
 Two types of the point defects in the crystal are considered: self-interstitials, denoted 
by the index “I”, and vacancies, denoted by the index “V”. The corresponding concentrations 
CI and CV [cm-3] are coupled by the recombination term – the last term in the advection-
diffusion-reaction equation (1.1). The subscript “I,V” is a shorthand, meaning that (1.1) 
represents two equations – the first one for I and the second one – for V. The thermodiffusion 
term is omitted since the corresponding physical parameters are not precisely known and its 
estimated influence is much weaker than the effect of the equilibrium concentrations [2]. 
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 In the equation (1.1), t is the time, u


is the velocity (crystal pull rate Vcrys), Ceq is the 

equilibrium concentration, D is the diffusion coefficient [m2/s], and krec is the reaction 
constant for recombination [cm3/s]. On the symmetry axis (see also Fig. 1), the zero flux 
boundary condition (BC) is set: ∂CI,V/∂n = 0. At the crystallization interface and the crystal 
side surface, the equilibrium concentration is applied: eq

VIVI CC ,,  . 

 Once the concentrations CI and CV are calculated, the parameter VI CC   can be 

used to analyse the excess of the self-interstitials/vacancies in different regions of the crystal. 
Zero isoline of ∆ is the position of the I-V boundary. 
 The physical parameters strongly depend on the absolute temperature, T. The general 
expressions for the diffusion coefficient and the equilibrium concentration are given by 
equation (1.2), where k = 8.617·10-5 eV/K is the Boltzmann constant, and the parameters D0, 
Em, C0, Hf and Sf are taken from [3]. 
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 At the melting point of silicon, T0 = 1685 K, the values are eq

IC  = 6.9·1014 cm-3, eq
VC  = 

8.5·1014 cm-3, and Δ = -1.6·1014 cm-3, which means that at the crystallization interface more 
vacancies are formed than interstitials. Further from the interface the crystal can be interstitial-
rich since at high temperatures DI > DV. 
 The recombination coefficient is given by the equation (1.3), where ar = 1 nm is the 
capture radius for recombination, and the energy barrier E = 1.5 eV [4], [5]. 
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1.3. Thermal stresses 
 The thermal stresses in the crystal are calculated in an axisymmetric manner as 
described in [6]. The physical parameters are: Poisson’s ratio 0.25, Young’s modulus 
1.56·1011 Pa, coefficient of thermal expansion of crystal 3.2·10-6 K-1. 
 The influence of the thermal stresses on the formation enthalpy of point defects is 
considered using the parameters for the isotropic case from [7], given by ave

f
IH 068.0 , 

ave
f

VH 153.0 , where enthalpy is expressed in eV, and stress – in GPa. The mean thermal 

stress   3  zzrrave . 
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2. Results and discussion 
 
 Cone and cylindrical growth (crystal diameter 200 mm) stages are considered in the 
same way as it was previously done in [8]. Additionally, a crystal pull rate drop is applied 
following the experiment by Abe, see [9], [10] and references therein: during the cylindrical 
phase Vcrys is changed from 1 mm/min to 0.2 mm/min for 30 minutes. The hot zone geometry 
(and hence, the heater power) is different from the one used in [9]. 
 As noted in [9], heater power jump should be applied in advance to counteract the 
large crystal diameter changes due to Vcrys jump. This turned out to be difficult to achieve in 
our calculations, contrary to models where the diameter is fixed [9], [10], therefore several 
power curves have been tried. The considered velocity and power curves are plotted in Fig. 2, 
where V0 and P0 denote the reference case with no jumps. V1 corresponds to the experiment 
by Abe [9], while V2 is a test case to investigate the long-term pull rate change. In the case P1 
the power jump of +5 kW is applied 40 min before the pull rate jump; for P2 the jump +3 kW 
is 25 min before and ends when Vcrys jump ends; for P3 the power jump +4 kW is 25 min 
before and ends 5 min after Vcrys jump begins. It should be noted that in the calculations [10] 
no power change is mentioned, and the crystal radius seems to stay perfectly constant. 
 Most of the considered cases exhibit a rather strong crystal radius oscillations, see 
Fig. 3, left. The smallest radius deviations are for the cases (V1, P2) and (V1, P3). 
 According to Voronkov [11], the dominating point defect specie is determined by the 
ratio Γ = v/G, where v is the crystal growth rate and G – the temperature gradient. Above the 
critical value Γcrit ≈ 1.4·10-3 cm2/min/K the crystal will be vacancy-rich, and below – 
interstitial-rich. The calculation results shown in Fig. 3, right (thick grey line – Γcrit), indicate 
that the pull rate jump indeed can introduce interstitials in the originally vacancy-rich crystal. 
 The response of the growth rate at the triple point on the crystal pull rate and power 
jumps is shown in Fig. 4. An exponential time dependence is observed. During the jump the 
growth rate does not catch up with the pull rate, the case with a prolonged jump (V2) shows 
that 50 min are needed for it to happen. The influence of the power jump is rather weak. 

  
Fig. 2. Time-dependence of the crystal pull rate (left) and heater power change (right). 

  
Fig. 3. Time-dependence of the crystal radius (left) and v/G ratio at centre (right) 
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 A fine mesh in the crystal has to be used for the 
thermal stress and point defect calculations. An 
example of the used quasi-structured grid and the 
calculated temperature field is shown in Fig. 5. 
 Fig. 6 shows the calculated thermal stresses in 
the crystal. Near the crystallization interface the mean 
stress σave < 0 close to the centre, and σave > 0 close to the crystal rim. According to subsection 
1.3 and [7], more vacancies will be formed at the centre, and more interstitials – at the rim. 
 The calculated point defect distributions in the crystal at the same time instant are 
shown in Fig. 7; “stress infl.” means that the influence of the thermal stresses on the point 
defects has been considered, and 
“∂C/∂n = 0” – that the no-flux BC 
has been set at the crystal side 
surface. The thermal stresses 
increase CV at the centre, as 
expected, but the overall influence 
is weak. The no-flux BC only 
slightly changes the concentrations 
near the crystallization interface, 
and considerably – further away 
from it. The cases with velocity 
curve V1 and various power curves 
have the same qualitative 
behaviour: before the radius 
increase a local CI minima and CV 
maxima develops near the crystal 
side surface, and when the radius 
starts to decrease, an additional CI 
maxima develops. 
 The crystallization interface shape plotted in Fig. 8 visualizes the slow growth rate at 
the triple point and indicates that the decrease in the growth rate for the points near the centre 
is not as strong (in fact, it only drops to ~0.6 mm/min). According to the Δ field, in the basic 
case the crystal is vacancy-rich, except for a small region in the cone. The thermal stresses 
make it slightly more vacancy-rich, while the no-flux BC make the outer region of the 
cylindrical part and the cone interstitial-rich. As observed before for the concentrations, Δ 

 
Fig. 5. The finite element mesh and 
temperature field in the crystal. 
Spacing between isotherms 20 K 
 

 
Fig. 4. Time-dependence of the growth rate at the ETP 
 

 
Fig. 6. Mean thermal stress σave in the crystal for the 
case (V0, P0) at t = 5, 6, 7, 8, 9, 10 h (from left to right) 
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field for the velocity curve V1 and different power curves is qualitatively the same: an 
interstitial-rich region develops at the crystal surface due to the crystal pull rate drop. 
 The I-V boundary does not reach the symmetry axis, which agrees with [9], [10]. 
However, it is known from these sources that when applying the same Vcrys jump for crystals 
with smaller radius, the I-V boundary reaches the centre. Since we modelled only one crystal 
(diameter 200 mm), it was decided to apply the pull rate drop indefinitely, case (V2, P0). The 
results are shown in Fig. 9: the crystal radius change is very large, and about 1.5 h after the 
jump the I-V boundary spreads to the symmetry axis. 

 
Fig. 7. Point defect concentrations in the crystal 

 

 
Fig. 8. Crystallization interface shape plotted each 200 s (left) and Δ field in the crystal (right). 
Thick solid line – zero Δ isoline 
 

 
Fig. 9. Δ field in the crystal for the case (V2, P0) at t = 6.5, 7, 7.5 8, 8.5, 9 h (from left to 
right). Thick solid line – zero Δ isoline 
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Conclusions 
 
 Non-stationary numerical modelling of CZ silicon single crystal growth has been 
carried out, including calculation of thermal stresses and point defects in the crystal. The 
influence of the thermal stresses on the point defects is weak. 
 A qualitative reproduction of the pull rate drop experiment is achieved. Due to the too 
large change in the crystal radius, a power jump has to be applied as well. Even then a 
constant crystal radius cannot be maintained – possibility to use a better power curve should 
be investigated in future. A longer period of a reduced pull rate is needed for the I-V boundary 
to reach the centre of the considered D = 200 mm crystal. 
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Abstract 

 

 In this work a large-scale electromagnetic (EM) levitation melting of metals in two-

frequency horizontal fields is investigated. Coupled EM field and free surface flow problems 

are solved with a three-dimensional model that incorporates Large Eddy Simulation 

turbulence description. The developed numerical model is used to design a pilot furnace for a 

stable levitation melting of Al and Ti-6Al-4V samples up to 500 g. The new FastCast concept 

that utilizes the novel crucible-less levitation melting method for industrial mass production 

of single-shot castings (e. g. Ti-6Al-4V turbocharger impellers up to 500 g) is introduced. 

 

Introduction 

 

 Crucible-less levitation melting (LM) and single-batch casting of titanium alloys (e. g. 

for turbocharger impellers up to 500 g) has many advantages over multi-piece casting from 

the Cold-Crucible (CC) induction furnaces.  

First of all, electromagnetic (EM) levitation prevents contamination of the melt with 

the crucible material and results in a predefined and reproducible quality of alloy. Heat losses 

from the liquid metal are reduced and limited to radiation and evaporation that permits fast 

melting and much higher overheating at a less energy consumption. Additionally, contact-less 

single-shot discharge of the levitated melt can be precisely controlled by the current in 

inductor. Due to the small melt-to-cast cycle time the process retains productivity comparable 

with the old-fashioned multi-batch CC investment casting, while simpler design of the 

crucible-less LM furnace and utilization of cheaper single-batch moulds have strong 

economic benefits. Apart from that, the new method breaks down the statistical nature of a 

single product quality in case of a multi-piece casting, advances production to the “one-piece-

flow” concept and meets requirements for process digitalization. 

However, in conventional axisymmetric LM furnaces, already known since 1920’s [1], 

the Lorentz force vanishes on the symmetry axis and the melt leakage can be hindered mainly 

by the melt surface tension. Therefore, only small molten metal samples up to 50-100 g [2] 

can be levitated in conventional way and the scale-up needs for the great range of industrial 

applications remain unsatisfied [3]. 

A novel method for the large-scale LM of metals has been proposed and tested in 

experiments with aluminum samples up to 33 g recently [4]. The method applies two 

horizontal and orthogonal EM fields of different frequencies in order to exert Lorentz force 

also at the bottom of the levitated sample. Therefore, the weight of the charge can be 

increased and the charge can be drip- and leakage-free melted. 

Numerical simulation should be used to study the novel two-frequency levitation 

melting method and to design the scaled-up solution. The literature review of existing 

numerical models [5] shows that at the present moment there is no approach developed for a 

3D calculation of coupled phenomena in EM levitated liquid metal with consideration of free 

surface dynamics and application of precise Large Eddy Simulation (LES) model for the 
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turbulent flow. Meanwhile, in case of conventional LM only the LES model provides 

experimentally valid results (e. g. value of critical current at which the leakage occurs, shape 

of the droplet and oscillations of free surface due to the turbulent flow) [5].  

Therefore, a 3D numerical tool for calculation of the turbulent free surface flow of 

liquid metal in the presence of alternate EM field has been developed and verified [5], [6]. 

 We have used numerical simulation to verify the new two-frequency levitation method 

and to design and optimize a pilot LM furnace capable for a contact-less melting of metallic 

samples with increased weights [7]. The designed prototype has been successfully validated 

by experiments with aluminum samples up to 500 g [8].  

In this work simulations with Ti-6Al-4V samples (500 g) confirm applicability of the 

method for Ti alloys and reveal conditions for optimal casting. The FastCast concept that 

uses this novel LM process for industrial mass production of single-shot castings is presented. 

 

1. Levitation melting of Al samples (500 g) using two frequency EM fields  

 

 Using the developed numerical model, the two-frequency EM levitation melting 

furnace capable of melting 33 g of aluminium [4] has been scaled-up and redesigned to meet 

conditions for the levitation melting of 500 g of aluminum (ρ = 2300 kg/m3). 

The final scale-up configuration has a ferrite yoke that consists of an outer ring with 

four poles and four inductors with four windings each (Fig. 1, a). 

Oppositely located inductors form a pair that operate at the same frequency and 

generate instant magnetic field in the same direction. Each pair of inductors is fed with 

effective current of Ief = 825 A at frequencies f1 = 30 kHz and f2 = 40 kHz, accordingly. Both 

EM frequencies and their difference are high enough to consider only the superposition of the 

steady parts of the Lorentz force in our numerical simulation [7]. 

Transient 3D two-phase LES simulation of the EM induced flow in the levitated liquid 

Al has been performed. The fully developed flow has been time-averaged during the next 5 s. 
 

Fig. 1. (a) – 3D numerical model of the two-frequency EM levitation melting furnace with 

levitating liquid Al sample (m = 500 g), (b) – time-averaged flow on orthogonal cross-

sections, (c) – time-averaged shape of the melt and (d) – confining Lorentz force 

(a)

 

(b) 

  

 

(c)

 

(d)
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Time-averaged flow is shown on the orthogonal cross-sections (symmetry planes of 

two inductor pairs) (Fig. 1, b). Despite the same current in inductor pairs, different EM field 

frequencies lead to slightly different free surface shapes and flow patterns in corresponding 

planes. Magnetic field of lower frequency squeezes the melt more and generates more 

intensive flow. This defines vertical symmetry plane in the flow. This symmetry does not 

allow to develop any directed vortex in the horizontal cross-section. Therefore, only one time-

averaged torroidal vortex with upward flow on the z-axis is obtained. 

Transient simulation revealed that the lower part of the melt appears to be stable, as it 

is tightly confined by the high frequency EM field, whereas the upper part above inductors is 

fluctuating due to the turbulent and unsteady flow. Levitation of the large volume melt (Fig. 

1, c) is ensured by enhanced Lorentz force confinement (Fig. 1, d) of the new method.  

The 3D transient calculation with LES turbulence model shows that the levitation of 

500 g of molten aluminum is possible in the horizontal two-frequency EM field configuration. 

Following the simulation-aided design of the furnace (Fig. 1, a) we have manufactured 

experimental setup for the levitation melting of Al samples with increased mass. The outer 

loop and four poles of the yoke are made from 3C92 soft magnetic material. Two pairs of 

water-cooled copper inductors are connected with capacitors (16.3 μF and 18.5 μF) and create 

two oscillation circuits that operate at 13 kHz and 14 kHz. Accordingly, two different 

generators (producer: EMA-TEC) are used simultaneously in our experiments. 

 
(a) (b) (c) 

   
Fig. 2. (a) – levitation and heating of a solid Al block (m = 250 g), (b) – shape of a fully 

molten Al sample observed in experiment and (d) – predicted by our numerical simulation 

 

 Fig. 3. Levitation melting of 400 g of Al in a scaled-up two-frequency setup 

 

Fig. 4. Levitation melting of 500 g of Al in a scaled-up two-frequency setup in  

(a) - experiment and (b) - 3D simulation 

   

 (a)

 

(b)
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The effective current was set to Ief = 700 A in both inductor pairs and Al block 

(6×6×2.5 cm, m = 250 g) was released in 1 cm above the furnace (Fig. 2, a). Because of 

rectangular shape of the block and specific shape of the ferrite poles and inductors, the 

levitating solid block orients itself to a position with corners pointing at the centers of yoke 

poles. Good agreement for the free surface shape and position of the fully molten Al sample 

(250 g) has been obtained between our experiment (Fig. 2, b) and 3D simulation (Fig. 2, c).  

Contactless levitation melting of 400 g of aluminum was achieved using f1 = 13, f2 = 

14 kHz and Ief = 780 A ( Fig. 3). The melting starts from corners and bottom of the 

levitating block. Note that these experiments have been performed in an open air atmosphere, 

therefore, rich oxidation of the free surface was inevitable. 

Levitation melting of 500 g of aluminum in a scaled-up two-frequency setup was 

performed using increased current Ief = 800 A and the same frequencies: f1 = 13 kHz and f2 = 

14 kHz. Good qualitative agreement between experiment (Fig. 4, a) and 3D simulation (Fig. 

4, b) has been obtained for the liquid metal position and shape despite the rough assumption 

for constant material properties, especially, temperature-independent electric conductivity of 

Al and temperature- and field-independent relative magnetic permeability of the ferrite. 

Asymmetric melting of the solid sample influenced formation of the oxide layer and led to 

slightly asymmetric shape of the fully molten sample in experiment. Oscillations of the free 

surface of the melt indicated on the intensive turbulent flow caused by the Lorentz forces. 

These experiments proved that the two-frequency horizontal EM field configuration, 

compared to a conventional levitation method, can be used for the levitation melting of 

aluminum samples with increased mass. Moreover, the limitation of maximum 50-100 g for 

the levitation melting in conventional inductor has been exceeded with this method. 

Additionally, single-shot discharge of the levitated melt has been tested. Simultaneous 

current switch-off in both inductor pairs led to a contact-less draining of the whole melt 

volume. 

 

2. Levitation of liquid Ti-6Al-4V alloy (500 g) 

 

 The same furnace geometry has been used to check the applicability of the two-

frequency levitation melting for Ti-6Al-4V alloy (ρ = 3900 kg/m3). The shape of the levitating 

Ti-6Al-4V melt (500 g) has four more pronounced free surface bulges next to the centers of 

the ferrite poles (Fig. 5, a). In order to model challenging conditions, the relative permeability 

μr of the ferrite has been set to a lower value. Higher μr values ensure better EM confinement 

(higher magnetic field values at the surface of the melt) and therefore greater distance 

between the four free surface bulges and ferrite poles.  

At the tip of the free surface bulge magnetic field lines separate and the radius of 

induced eddy current tends to zero. This determines local Lorentz force minimum at the tip 

(Fig. 5, b) and elongation of the free surface bulge towards the pole is prevented by the 

surface tension and contribution of the second frequency magnetic field from orthogonal pair 

of inductors. Lower electric conductivity of Ti-6Al-4V (greater EM skin-depth δEM) requires 

higher EM field frequencies in order to ensure that free surface bulges with small curvature 

radius rc do not become “transparent” (rc < δEM) for EM field. In this simulation we had to 

apply higher current and AC frequency values.  

Instant flow velocity on the vertical cross-section (Fig. 5, c) looks qualitatively 

different from the one obtained for 500 g of Al (Fig. 1, b). Velocity plot on a horizontal cross-

section reveals that in case of Ti-6Al-4V there is a directed whirling around z-axis (Fig. 5, d). 

Whirling flow generates centrifugal forces that contribute to biconcave shape of the levitating 

melt (squeezed from top and bottom). In 3D simulations (and experiments), all inductors had 
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asymmetrically located connections between windings that could contribute to development 

of the whirling flow around z-axis. 

In fact, our experiments with Al samples (m = 250 g, almost the same volume as 500 g 

of Ti-6Al-4V) confirmed biconcave shape of the levitating melt (at least a dimple at the top of 

the levitating sample that must have appeared due to intensive flow swirling around vertical z-

axis) (Fig. 2, b). 

 

 

3. Heating/melting time for Ti-6Al-4V sample (500 g) 

 

 According to our numerical simulation, the induced power in the 500 g of the 

levitating Ti-6Al-4V melt is Pmelt = 27 kW. For the robust estimation, we assume that this 

amount of heat is generated in the sample during the whole process. The calculated radiation 

heat loss from the free surface of the molten sample in case of 100 ⁰C overheat above liquidus 

temperature (Tliq) is Prad = 4.2 kW (assumed emissivity ε = 0.3). Assumption of such radiation 

loss during the whole process is overestimated and defines a limit for the worst scenario 

(longest time required tmax). 

On the other hand, assumption of Prad = 0 kW is underestimated and defines a limit for 

the best scenario (shortest time tmin). Therefore, the real time treal required for heating, melting 

and 100 ⁰C overheating in experiment is tmin < treal < tmax. The process time limits can be 

calculated from the energy balance 
 

𝑡 = (𝐶𝑝𝑚(𝑇𝑙𝑖𝑞 + 100 − 𝑇𝑖𝑛𝑖𝑡) + 𝐿𝑚)/(𝑃𝑚𝑒𝑙𝑡 − 𝑃𝑟𝑎𝑑) (1) 
 

where Cp = 687 J/(kg·K) is the average heat capacity on the temperature range between Tinit = 

30 ⁰C and Tliq + 100 ⁰C, Tliq = 1650 ⁰C, m = 500 g and L = 2.86·105 J/kg is the latent heat.  

(a)

 

(b)

 

 

(c) (d)  

    

Fig. 5. (a) – calculated shape of liquid Ti-6Al-4V sample (m = 500 g) in the two-frequency 

levitation melting furnace, (b) –  Lorentz force confinement, (c) – instant velocity on vertical 

cross-section and (d) - whirling flow (top view) on horizontal slice 
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In this case the typical heating-melting-overheating time is around 27 < t < 32 s. The 

process time could be additionally decreased by preheating the solid sample prior to 

levitation. Achievable melt-cast times below 30 s allow the scaled-up levitation melting 

method to retain productivity comparable with the old-fashioned multi-batch CC investment 

casting while providing previously mentioned advantages. 

 

4. Casting of the levitated molten Ti-6Al-4V sample (500 g) 

 

 Coupled modelling of the free surface flow and heat transfer (including heat radiation 

from the free surface of the melt) is used to study filling of the mould and solidification.  

 

At t = 0 s the molten Ti-6Al-4V (500 g) sample is levitating in the two-frequency 

levitation furnace (Fig. 6, a). The free surface shape and turbulent flow have reached a fully 

developed state. It is assumed that the molten sample is overheated by 100 ⁰C above Tliq. At 

     
0 s 0.15 s 0.23 s 0.30 s 0.40 s 

 (a) - initial conditions  (b) - Stationary mould  

 

   

 

 

 
0.23 s 0.30 s 0.40 s 0.23 s 0.30 s 0.40 s 

 (c) - rotation of the mould 

 

  (d) - downward movement of the mould 
 

 

Fig. 6. (a) – 3D numerical results for the levitation of molten Ti-6Al-4V (500 g) in the 

furnace and discharge of the melt due to the current switch-off, (b) – casting in the stationary 

mould, (c) – casting in the rotating mould and (d) – casting in the downward moving mould. 

Temperature contours are plotted at the surface of the melt 

64



this moment the AC current is instantly switched off and the Lorentz force vanishes. 

Uncompensated weight initiates free fall of the sample. A preheated ceramic mould is placed 

12 cm below the levitating melt. At t = 0.15 s the falling molten sample is about to run into 

the mould (Fig. 6, a). 

If the mould remains stationary, at t = 0.17 s the molten metal hits the neck of the 

mould at collision velocity of vz = -1.5 m/s and splashing occurs (Fig. 6, b). The second 

collision takes place at a moment when the melt fills the mould completely and any ripples at 

the free surface generate additional splashing since they are still moving with high down-

directed velocities (t = 0.40 s). In this case splashing leads to a partial loss of material.  

In the 2nd scenario the mould rotates around its symmetry axis with angular velocity of 

Ω0 at the moment of collision (Fig. 6, c). Tangential acceleration of the melt reduces splashing 

(t = 0.23 s), however, prominent centrifugal forces lead to droplet detachment from the mould 

neck (t = 0.3 s).   

In the 3rd scenario the mould has only translational downward velocity of -1.2 m/s at 

the moment of collision (Fig. 6, d – position of the moving mould is shown schematically). 

This allows to reduce relative velocity between the mould and the melt and to ensure smooth 

filling of the mould with less splashing (t = 0.23 s).  

Further parameter studies are aimed to optimize the movement of the mould and to 

achieve the best conditions for the casting of the levitated melt and cavity-less solidification. 

In all scenarios the mould temperature and melt superheat of 100 ⁰C above Tliq were 

high enough to fill the mould completely and to ensure solidification free of cavities. 

Insufficient (and limited in case of the cold crucible) superheat leads to a rapid solidification 

in thinner channels and only partial filling of the mould (defective casting). In case of the 

levitation melting much higher melt superheat is achievable. Therefore utilization of moulds 

with thinner channels would be possible. 

 

5. The FastCast concept 

 

The new FastCast concept (Fig. 

7) utilizes the novel crucible-less two-

frequency levitation melting method for 

industrial mass production of single-

shot castings (e. g. Ti-6Al-4V 

turbocharger impellers up to 500 g). 

Ti-6Al-4V ingot (500 g) from 

the supply line is released above the 

levitation furnace. It falls down and gets 

captured by alternating magnetic field 

that ensures levitation and induction 

heating. The sample gets molten and 

overheated by 100 ⁰C above the liquidus 

temperature in less than 30 s. During the 

melting Lorentz forces also lead to 

intensive stirring and a great level of 

melt homogenization. Right after that a single-shot casting in a single-batch preheated 

ceramic mould takes place. Then the new ingot is automatically supplied to the furnace and a 

new empty mould is driven to the casting position. 

 

  

 
Fig. 7. The FastCast concept 
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Conclusions 

 

3D numerical model for prediction of the turbulent free surface flow of molten metal 

in EM fields of different frequencies has been developed and verified. The model utilizes LES 

description of turbulence that advances simulation of EM induced free surface flows (EM 

levitation in particular) to a new level of accuracy.  

Using numerical simulations it has been proven that by means of horizontal and 

orthogonal EM fields of different frequencies it is possible to increase the mass of the 

levitated liquid metal. The design of the pilot two-frequency furnace has been tailored to meet 

conditions for a stable EM levitation of molten Al with increased weight up to 500 g. 

Levitation melting and single-shot casting simulations with Ti-6Al-4V samples up to 

500 g confirm applicability of the novel levitation melting method for Ti alloys and are used 

to optimize the process parameters. 

The new FastCast concept that utilizes the novel crucible-less levitation melting 

method for industrial mass production of single-shot castings (e. g. Ti-6Al-4V turbocharger 

impellers up to 500 g) has been presented. The build-up of the pilot FastCast setup forms 

further plans of research. 
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Abstract 

 We investigate convection driven by induction heating of a horizontal fluid layer with 

direct numerical simulations (DNS). This problem is of particular interest in the context of 

nuclear severe accident mastering. In a real severe accident, the molten core is subjected to 

homogeneous internal sources resulting from nuclear disintegrations. This situation is 

mimicked in the laboratory using induction heating as the internal source. In induction heating 

however, heat sources are localized in the skin layer. Consequently, this concentration of heat 

may modify the flow and wall heat transfer, compared to the case of homogeneous internal 

sources. 

 DNS are carried out for three typical skin depths and three total deposited powers. 

Skin depth variations show surprising results regarding flow structures and heat transfer. It is 

found that the heat sources heterogeneity has a weak effect on flow structures. Consequently, 

models of heat transfer in the case of homogeneous sources remain valid even with strong 

localized heating near the bottom. 

1. Introduction 

 Magnetic fields, whether AC or DC, are used in the industry for numerous purposes, 

such as electromagnetic stirring, induction heating or metal casting [1] [2]. Natural convection 

in the presence of DC magnetic fields has received a lot of attention, thanks to geophysical 

applications among others [3] [4]. The case of AC magnetic fields and induction heating is 

less studied, although it is of common use in the area of nuclear safety research in the context 

of severe accidents [5]. In the case of a nuclear core meltdown, the molten core (called 

corium) interacts with the concrete containment structures. This phenomenon is not yet fully 

understood. A key issue is the prediction of the convective wall heat transfer, since the 

ablation rate of the concrete is proportional to it [5]. Molten corium-concrete interaction 

(MCCI) is studied in the CEA Severe Accident laboratory to predict the ablation rate. To 

model the volumetric heat generation due to nuclear disintegrations, AC magnetic fields are 

used, as Joule dissipation mimics the volumetric power generation. In a real severe accident, 

the source term is more or less homogeneous. The relevance of MCCI tests relies on a low 

influence of the skin depth, which in this case is around 1 3⁄  of the pool size, on the wall heat 

transfer. The effects of source term concentration in the skin layer have to be analyzed. But 

heat transfer and fluid structures studies in experimental devices are complicated due to high 

temperature opacity, multiphase flow etc. As a model, we solve with DNS a horizontal fluid 

layer of thickness ℎ of an electrically conducting fluid, subjected to a horizontal AC magnetic 

field 𝐵0cos 𝜔𝑡 𝒆𝒙 as shown in Fig. 1, with 𝐵0 the imposed magnetic field amplitude at the 

bottom boundary and 𝜔 the pulsation. This case shares similarities with Rayleigh-Bénard 
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convection (RBC), although here, there is no 

imposed temperature difference. Diffusion of 

the magnetic field 𝑩 in the layer generates eddy 

currents 𝒋 = 𝑗(𝑧) 𝒆𝒚 over a characteristic length 

scale called the skin depth 𝛿 = √2𝜂/𝜔, with 

𝜂 = 1/𝜇0𝜎 the magnetic diffusion coefficient, 

and a Joule heat  source term 𝑗2/𝜎, with 𝜎 the 

fluid electrical conductivity and 𝜇0 the vacuum 

permeability.  Moreover here, the Lorentz force 

is purely irrotational, 𝑭𝑳 = 𝒋 × 𝑩 = 𝐹𝐿(𝑧)𝒆𝒛, as the layer is infinitely horizontally wide.  

Therefore, the destabilization of the layer is only due to the temperature gradients, and this 

case is similar to convection driven by internal sources concentrated in the skin layer. 

When 𝛿 ℎ⁄ < 0.5, the Joule term is exponentially decaying from the bottom. The deposited 

power is given by the Rayleigh number 𝑅𝑎 = 𝑔𝛽ℎ3Δ𝑇/𝜈𝜅. Here, 𝑔 is the gravitational 

acceleration, 𝛽 is the fluid thermal expansion coefficient, 𝜈 is the fluid kinematic viscosity, 𝜅 

the heat diffusivity and Δ𝑇 is a reference temperature proportional to the deposited power, 

defined in section 2. Similarly to RBC, the onset of the instability is characterized by a critical 

Rayleigh number 𝑅𝑎𝑐(𝛿 ℎ⁄ ). Linear stability analysis has been used to show that reducing 

𝛿 ℎ⁄  promotes the destabilization of the layer, the critical Rayleigh number is slightly reduced 

[6]. Natural convection with homogeneous internal sources has been widely studied [7]. 

Recently, Goluskin & van der Poel [8] studied with DNS the case of uniform sources. Their 

results highlight non-symmetrical velocity profiles at sufficiently large 𝑅𝑎. In the case of AC 

magnetic field induced convection, concentration of heat in the skin layer is susceptible to 

fundamentally rework the flow. This could question the interpretation of MCCI tests. We 

investigate with DNS this problem for three characteristic skin depths, 𝛿 ℎ⁄ = 0.45, 0.14 and 

0.04 and three total deposited powers. In section 2 we describe the studied problem and our 

numerical tools. In section 3 we analyze and comment our results regarding heat transfer and 

fluid structures. 

2. Physical and numerical modelling 

 We consider small magnetic Reynolds number flows in an infinitely wide cavity in 

(𝑥, 𝑦) directions. The nondimensional electromagnetic field is governed by 

 

 𝜕𝑩

𝜕𝑡
=

𝑃𝑟

𝑃𝑚
∆𝑩,     𝒋 =

ℎ

𝛿
∇ × 𝑩 (1) 

 𝑩 = cos 𝜔𝑡 𝒆𝒙,    at 𝑧 = 0, (2) 

 𝑩 = 𝟎,    at 𝑧 = 1. (3) 

 

To nondimensionalize the length, time, magnetic field and current density, ℎ, 𝑡0 = ℎ2 𝜅⁄ , 𝐵0 

and  𝑗0 = 𝐵0 𝜇0𝛿⁄  are used, and 𝜔 a dimensionless pulsation. Here, 𝑃𝑟 = 𝜈 𝜅⁄ , 𝑃𝑚 = 𝜈 𝜂⁄  are 

the thermal and magnetic Prandtl numbers, 𝜔 is a non-dimensional pulsation. These equations 

are solved analytically, using a series expansion. Furthermore we assume that the 

magnetohydrostatic hypothesis is valid: the period of the magnetic field is much smaller than 

all other relevant hydrodynamic timescales [1]. This given, Lorentz force and Joule effect can 

be averaged over a period of magnetic field: 

 

 

 〈𝐹𝐿〉𝒆𝒛 =
1

𝜏𝜔
∫ 𝒋 × 𝑩

𝑡+𝜏𝜔

𝑡

d𝑡′       and        〈𝑗2〉 =
1

𝜏𝜔
∫ 𝑗2

𝑡+𝜏𝜔

𝑡

d𝑡′,  (4) 

Fig. 1. Sketch of the studied configuration 
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with 𝜏𝜔 = 2𝜋 𝜔⁄ . These terms are exponentially decaying in the 𝛿 ℎ ≪ 1⁄  limit as seen in 

Fig. . This given, the total space-time power deposited in the volume is Γ = ∫ 〈𝑗2〉 d𝑧
1

0
≈

𝛿

2ℎ
[1 − exp(−

2ℎ

𝛿
)]. The Lorentz force in (4) can be rewritten as the gradient of a pressure 

term 〈𝐹𝐿〉𝒆𝒛 = 𝛿 ℎ  ∇〈𝑩2〉/2⁄ . The studied configuration in Fig. 1 is governed by the non-

dimensional Navier-Stokes equations, continuity equation, heat equation and boundary 

conditions are 

 𝜕𝒖

𝜕𝑡
+ (𝒖 ⋅ 𝛁)𝒖 = −𝛁𝑝⋆ + 𝑃𝑟 ∆𝒖 + 𝑅𝑎 𝑃𝑟 𝑇𝒆𝒛. (5) 

 ∇ ⋅ 𝒖 = 0, (6) 

 𝜕𝑇

𝜕𝑡
+ (𝒖 ⋅ 𝛁)𝑇 = ∆𝑇 +

1

Γ
〈𝑗2〉, (7) 

 𝒖 = 𝟎,    𝜕𝑇 𝜕𝑧 = 0 ⁄ at 𝑧 = 0, (8) 

 𝒖 = 𝟎,    𝑇 = 0 at 𝑧 = 1, (9) 

with 𝑅𝑎 = 𝑔𝛽ℎ3Δ𝑇/𝜈𝜅 the Rayleigh number. Here 𝒖 = (𝑈, 𝑉, 𝑊), 𝑇 are the dimensionless 

velocity and temperature. The velocity scale is ℎ 𝑡0⁄ . The modified pressure 𝑝⋆ is the pressure 

supplemented by the magnetic pressure, in units of 𝜌(𝜅 ℎ⁄ )2. The magnetic pressure is 

𝐻𝑎2 Pr
2

/𝑃𝑚 〈𝑩2〉/2 with 𝐻𝑎 = 𝐵0ℎ √𝜎 𝜌𝜈⁄  the Hartmann number. As it has only a pressure 

component, the Lorentz force has no effect here. The boundary conditions (8) and (9) 

correspond to an insulating medium on the bottom and a perfect conductor on the top. The 

reference temperature used to nondimensionalize the equations is built as 

 
Δ𝑇 =

Γℎ2 𝑗0
2

𝜌𝑐𝑝𝜅𝜎
, (10) 

similarly to [6]. This definition is based on the power deposited in the whole layer regardless 

of the localization (i.e. regardless of 𝛿 ℎ⁄ ). With this definition, 𝑅𝑎 is characteristic of the 

total deposited power. 

 We solve (5) to (9) using the finite volume code Jadim [9] in a square box of 

horizontal aspect ratio 10 and periodic boundary conditions in horizontal directions. Lorentz 

force and Joule profiles from (4) and Fig.  are prescribed in the DNS. To emphasize liquid 

metals, the values of the Prandtl numbers are fixed, 𝑃𝑟 = 0.025 and 𝑃𝑚 = 1.55 ⋅ 10−6. The 

computed points are given in Fig., with the marginal stability 𝑅𝑎𝑐(𝛿 ℎ⁄ ) (black line) on an 

indicative basis. With this set of points, it is possible to clarify the relative influence of 𝑅𝑎 

and 𝛿 ℎ⁄ . 

Fig. 2. Lorentz force (circles) and Joule term 

(solid lines) profiles for the computed points. 

The dashed lines represent exponentially 

decaying functions 

Fig. 3. Computed points in the parameter 

space (red circles). The black line is the 

marginal stability 𝑅𝑎𝑐(𝛿 ℎ)⁄  
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3. Simulation results 

3.1. Fluid structures 

 After a transient regime, the flow reaches a stationary regime, which we describe here. 

Instantaneous snapshots of the 𝑧-component of the velocity 𝑊 are shown in Fig. 4 for 𝑅𝑎 =
1.14 ⋅ 104. The flow structures are qualitatively identical, regardless of the skin depth.  

 

 Contrary to DC magnetic field convection, the flow exhibits a spectrum of 

wavelengths, and not a single observed wavelength [4]. The dominant wavenumber defined in 

Fig. 1 is around 𝑘 ≈ 2.5 for all cases, as it is the case in RBC [4]. Moreover, one notices that 

they share the same color scale. This means that for a same 𝑅𝑎, the characteristic kinetic 

energy 𝑊2̅̅ ̅̅̅ is the same (the bar denotes averaging in the horizontal directions). It is balanced 

by the energy input, given by 𝑅𝑎. Therefore, one expects that 

 

 𝑊2̅̅ ̅̅̅ ∼ 𝑅𝑎. (11) 

 

This scaling is verified in DNS, where we find 𝑊2̅̅ ̅̅̅ ∼ 𝑅𝑎0.95, which shows the poor influence 

of 𝛿 ℎ⁄  on the kinetic energy. Furthermore, the skin depth has a weak influence on the 

horizontal and vertical velocity profiles as seen in Fig. 5(a) and Fig. 5(b) respectively. The 

profiles are averaged in time and the bar denotes averaging in the horizontal directions. In Fig. 

5(a), one sees that the boundary layer thickness (defined as the distance between the wall and 

maximum velocity) does not depend on 𝛿 ℎ⁄ : the curves at same 𝛿 ℎ⁄  are superimposed in the 

Fig. 5. Vertical profiles of (a) horizontal velocity component and (b) vertical velocity 

component 

Fig. 4. Snapshots of vertical component of velocity at 𝑅𝑎 = 1.14 ⋅ 104 and (a) 𝛿 ℎ = 0.45⁄ , 

(b) 𝛿 ℎ = 0.14⁄ , and (c)  𝛿 ℎ = 0.04⁄  
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boundary layer. However, as expected, it decreases as 𝑅𝑎 increases. The same conclusions are 

drawn for the vertical velocity profiles. The influence of 𝛿 ℎ⁄  on velocity profiles is weak. 

The maximum of √𝑊2 is located at 𝑧 = 1 2⁄ . The increase in preferential heating towards the 

bottom does not displace the maximum of  √𝑊2. On the opposite, an increase in 𝑅𝑎 spreads 

the √𝑊2 profiles.  The skin depth has a low influence on the convective structures. However, 

the preferential heating may modify the temperature profiles, and hence the heat transfer. 

 

3.2. Heat transfer 

 Fig. 6 gives the average temperature profiles. A loss of symmetry can be noted 

compared to the Rayleigh-Bénard case. This is due to the combined effect of the insulating 

condition (8) and of the non-symmetrical volume heating. The temperature difference 

between the top and the bottom is dictated by 𝑅𝑎. When 𝑅𝑎 increases, the bottom wall 

temperature decreases, due to convective 

motion, which eases the heat evacuation 

through the top. For 𝛿 ℎ < 0.45⁄ , all 

temperature profiles display an inflection 

point for 0.1 ≤ 𝑧 ≤ 0.3. For the case 

𝛿 ℎ⁄ = 0.45, there is no inflection of 

〈𝑇(𝑧)〉̅̅ ̅̅ ̅̅ ̅̅ . The inflection of temperature 

profiles is characteristic of RBC, except 

that in RBC, the profiles are symmetric.  

On the top, the deposited energy fixes the 

outward heat flux on the top in the 

stationary regime. With the reference 

temperature chosen in (10), the non-

dimensional heat flux on the top is simply 

𝜕𝑇 𝜕𝑧 = −1⁄ , as seen in Fig. 6. In the case 

of internal heating, the characterization of 

global heat transfer differs from the RBC 

case, since here the heat flux is fixed. In the 

case of homogeneous internal heat sources Goluskin & van der Poel [8] show that the non-

dimensional mean fluid temperature is a good indicator of convective transfer and scales as 

 

 𝑇𝑚𝑒𝑎𝑛 ∼ 𝑅𝑎−1/5, (12) 

 

for homogeneous sources, with 𝑇𝑚𝑒𝑎𝑛 = ∫ 〈𝑇(𝑧)〉̅̅ ̅̅ ̅̅ ̅̅ 𝑑𝑧
1

0
. They confirmed this law for 

homogeneous heating with DNS. In the case of concentrated heating in the skin layer, this 

scaling is still valid as seen in Fig. 

7, which is a direct consequence of 

the low influence of 𝛿 ℎ⁄  on the 

temperature profiles (Fig. 6). For a 

constant 𝑅𝑎, the points at different 

𝛿 ℎ⁄  are superimposed. The weak 

effect of the skin depth is due to 

sufficient mixing, which 

homogenizes the flow by 

advecting heat. 

 
Fig. 7. 𝑇𝑚𝑒𝑎𝑛 vs. 𝑅𝑎. The dashed line is a linear fit of 

the data. 

Fig. 6. Average temperature profiles 
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Conclusions 

 

 In this paper, we analysed with DNS the effects of the skin depth on convection 

generated by induction heating for 𝛿 ℎ⁄ < 0.5 and 104 < 𝑅𝑎 < 1.5 ⋅ 105. We showed that the 

features of classical RBC are observed in AC field generated convection. In this range of 

parameters, the skin depth has a weak influence and the heat repartition does not have 

influence on the flow. In particular, the skin depth influences very little the flow profiles 

(velocity and temperature) as well as integrated quantities (mean kinetic energy and mean 

temperature). This is due to sufficient mixing because the computed points are far from the 

marginal stability. At large magnetic Reynolds numbers, these conclusions are likely to 

change. 
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Abstract 
 
 The application of induction technology has been investigated by multi-physical 
numerical modelling to realize a smart surface remelting process, which leads to a number of 
technical and economic advantages in a double layer metal composition. The self cooling 
gradient effect inside the workpiece can be advantageous used to get a desirable material 
structure after surface remelting followed by rapid solidification. In order to apply and 
optimize the induction remelting process two-dimensional transient multi-physical numerical 
models of the heating, melting and solidification process including turbulent melt flow in the 
liquid phase and dynamic free melt surface deformation caused by electromagnetic forces and 
intensive melt flow have been developed. The reliability of the presented modelling 
approaches has been validated in advance by measurements carried out from various 
experimental investigations. The results show how the remelting and solidification process 
depends on various process parameters, like inductor design, inductor current and frequency, 
as well as material properties of the surface metal layer. 
 
Introduction 
 
 Induction heating and melting offers numerous possibilities in further improvement of 
existing industrial techniques and in development of new technological processes. Some of 
the major advantages of induction heating applications are the fast heating-up rate, the exact 
temperature control and the predictable spatial and time depending temperature distribution in 
the workpiece. Multi-layer materials are used, where several different materials in one unit 
satisfies the conflicting demands to the products. Steel plate covered by bronze, aluminium or 
white metal (Babbitt) alloys are typical examples of multi-layer product applications, e.g. for 
sliding bearings [1]. 
 Sliding bearings, which are used e.g in big ship engines, are normally made from steel 
shells covered with a white metal layer, which is a tin based alloy. Today these bearings are 
made by casting separately molten liquid tin-alloy onto soundly heated steel followed by rapid 
quenching and cooling. To guarantee the product quality, the layer of the cast metal is made 
much thicker than the final product needs. It results to expensive mechanical treatment and 
high energy losses, because 80% of the casted material has to be recycled. 
 One innovative idea is to reduce significant the thickness of the casted layer and to 
guarantee the final product quality, this means the purity and homogeneous metallurgical 
structure of the layer as well as the optimal bonding between the white-metal layer and the 
steel shell by applying an induction surface remelting process. 
 During the induction surface remelting process for the double layer metal composition 
the white-metal alloy layer will be locally melted followed by a rapid solidification process 
due to the self-cooling effect caused by the steel shell. In order to design this complex 
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induction remelting process a two-dimensional transient multi-physical numerical model of 
the heating, melting and solidification process including the dynamic free melt surface 
deformation caused by electromagnetic forces and by the intensive melt flow has been 
developed.  
 
1. Numerical Modelling and Results 
 

 In this work a verified complex numerical modelling approach for simulation of 
induction melting processes has been applied. The computation of electromagnetic (EM) 
induced flow and free melt surface dynamics is ensured by means of external coupling 
between EM force recalculation in ANSYS, Volume of Fluid (VOF) Large Eddy Simulation 
(LES) of a two-phase turbulent flow in FLUENT, free surface shape reconstruction in 
CFD-Post and a self-written surface filtering procedure [2]. The temperature dependence 
of the material properties are taken into account. 
 The double layer ring consists of the inner white-metal layer and the outer steel shell, 
where the inner radius of the ring is 300 mm. The line inductor is placed in the inner side of 
the ring and magnetic flux concentrator is applied. Different width and number of turns of the 
inductor have been investigated. During the remelting process, the ring is rotating 
continuously with a rotation speed of 1 cm/s. 
 In the first step, a single inductor system has been investigated, where high frequency 
(50 kHz) current has been applied. The results show that a high inductor current of 2,600 A is 
necessary in order to realize a sufficient melting of the white-metal layer, but in this case the 
surface deformation of the melt pool caused by the magnetic pressure is too intensive and not 
acceptable. Therefore, a two inductor system has been investigated, where the first inductor 
will realize an intensive pre-heating up to the melting temperature and the second inductor 
realize the complete melting of the surface layer, where lower current and therefore lower 
magnetic pressure leads to reduced surface deformation. 
 The numerical parameter studies applying different inductor currents and frequencies 
show that it is possible to realize the surface remelting with acceptable surface deformation, 
followed by a fast solidification process, but a stable quasi-steady state working point is very 
difficult to reach. In particular in the case when the white-metal layer is completely melted the 
electromagnetic field is penetrating the ferromagnetic steel, which leads to a spontaneous 
increasing of the electromagnetic flux intensity and deforming of the molten white-metal 
layer, where in particular the influence of the surface tension and wedding angel plays a 
significant role as the transient numerical simulations have shown. 
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Abstract 

 

 The article includes numerical simulation results for two cold crucible induction 

furnaces (CCIF). Induction furnaces differ in cold crucible design, while the inductor 

geometry was preserved for both variants. Numerical simulations were conducted as three 

dimensional one, with coupled analysis of electromagnetic, thermal and fluid dynamics fields. 

During the experiment, six calculation variants, differ in amount of molten titanium (three 

different weights of titanium for each type of cold crucible) were considered. Main parameters 

controlled during the calculations were: electrical efficiency of the CCIF and the meniscus 

shape of liquid metal. 

 

Introduction 

 

 Induction furnaces with cold crucible are most commonly used for melting very 

reactive metals and alloys. Such metals should be melted without contact with the crucible. 

Cold crucible is a compromise solution. The best, from the point of view of lack of contact, is 

the levitation melting. But in levitation melting there are problems with the lifting force 

especially for heavy workpieces. In cold crucible furnace, the molten metal contacts only with 

a bottom of the crucible. From the crucible walls, liquid metal is repulsed by electrodynamic 

forces. At the bottom, the metal is in contact with the crucible not directly, but through a 

solidified layer (skull). There are two main problems in cold crucible furnaces design: electric 

(and of course total) efficiency, and minimization of the skull [1].  

 Low electric efficiency is due to double conversion of electrical energy: from current 

to the electromagnetic field and again to current. First conversion between inductor and cold 

crucible segment (finger) and the second between cold crucible segments and the molten 

metal. This cannot be changed but energy losses can be reduced by the appropriate cold 

crucible construction [2]. Moreover, the skull volume depends on the cold crucible 

construction. 

 The aim of the article is the modification of the design of cold crucible to improve the 

efficiency of the melting process and to minimize the skull. 

 

1. Models of considered cold crucibles 

 

 Two cold crucible designs are investigated in this article. Simplified sketch of the first 

and the second construction is presented in Fig. 1 and 2, respectively. As shown in Figure 1 

first construction was made from one piece of copper. There is a separation between 

segments, and the incision also includes part of the crucible bottom (shaded part with index 
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6). There is a massive chassis below the inductor. The shuns does not have pole pieces. The 

crucible bottom is slightly concave. Advantage of this design is the incision of the outer part 

of bottom which prevents shorting of the currents induced in the bottom part of the segments. 

Disadvantages of this construction are: massive chassis just below the inductor, and lack of 

pole pieces. Problematic is also the recess in the bottom. This causes a thick skull. 

 The second construction of the cold crucible, considered in this article, consists of two 

main, separate pieces: segments and flat bottom. The shunts has pole pieces below the 

inductor, and there is no conducting material just below inductor and segments. Such a design 

(more difficult from the construction point of view) prevents the induction of currents outside 

the cold crucible segments. 

 

 

Fig. 1. Sketch of first CCIF Model, 1 – metal melt, 2 – solid bottom, 3 – segment, 4 – 

inductor, 5 – shunt, 6 – separated part of the bottom 

 

Fig. 2. Sketch of second CCIF Model, 1 – metal melt, 2 – solid bottom, 3 – segment, 4 – 

inductor, 5 – shunt, 6 – ceramic element 
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 Basic dimensions of the models 

are presented in Table 1. Bottom and 

segments of crucible were made of 

copper of the conductivity of 56E6 S/m, 

melt metal was made of titanium with 

the conductivity of 50.5E4 S/m. Shunts 

were made of Fluxtrol 100. 

 The problem was considered as 

coupled analysis of: electromagnetic, 

thermal and fluid dynamics fields in 3-

D domain. Electromagnetic field 

analysis was performed with use of 

getDP program. For the temperature 

and fluid dynamics analysis, Ansys-

Fluent program was used. 

 

 

 

 

 

 

1.2. Model for electromagnetic field analysis 

 Analysis of electromagnetic field basis on A-V formulation (1) [3] is conducted as a 

steady state one. Electromagnetic field analysis results were volumetric heat sources (2) [4] 

and volumetric electromagnetic forces (4) [4]. These values were calculated in the melt area 

only, and they are input data for temperature and fluid dynamics analysis. 

 

  0gradjrot
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μ
      (1) 

where:  

0 - permeability of vacuum; r- relative permeability; A - magnetic vector potential;  - 

conductivity;  - angular velocity; V - scalar electric potential. 
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where: 

qv - volumetric density of active power; J - current density. 

  

 *Re
2

1
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       (4) 

AB rot        (5) 

where: 

fm - average for period volumetric force density; B* - conjugate value of induction. 

 

  

Tab. 1. Model parameters 

Parameter (unit) Model 1 Model 2 

rbw (mm) 40 45 

sbi (mm) 6 1 

sf (mm) 15 15 

gs (mm) 2 2 

ss (mm) 10 10 

si (mm) 13 13 

ri (mm) 75 75 

rt (mm) 90 - 

hbi (mm) 4 10 

hb (mm) 10 10 

hs (mm) 85 85 

hp (mm) - 7,5 

hf (mm) 144 144 

hsc (mm) 13 13 

hlc (mm) 25 25 

hcc (mm) 4 4 
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 For EM field calculation, only 1/16 of the device 

was modelled (Fig. 3). It was possible because of 

periodicity of the device construction.  

 On front and back model surfaces (Fig. 3), the 

periodicity boundary condition was applied. In other 

directions, the computational model is surrounded by air 

and on the outside air surfaces boundary Dirichlet 

condition setting potentials to zero was applied. 

 

1.3. Model for temperature field and fluid dynamics 

analysis 

 Analysis of temperature field and fluid dynamics 

were performed in Ansys Fluent program. The calculation 

domain was limited to the melt area and a bottom of 

crucible only, as presented in Fig. 4. Temperature 

calculations were based on equation (6) [5]: 
 

    rv qqTkTcTc
t





graddivgradv    (6) 

where:  

 - density; c - specific heat; T - temperature; v – velocity vector; k - thermal conductivity; qv - 

volumetric heat source from electromagnetic calculation; qr - volumetric density of radiative 

heat exchange. 

As in the case of electromagnetic field analysis, the 

calculation domain was limited to 1/16 of the device (Fig. 

4). On the front and back model surfaces adiabatic 

boundary condition was applied, on the outside surface in 

the crucible segments and below bottom (out 1, Fig. 4.) 

Dirichlet boundary condition setting temperature to 303 K 

was applied, on the free molten metal surface (out 2), the 

heat loss with convection and radiation were taken into 

consideration. 

 The fluid dynamics calculations should determine 

the shape of free surface of molten metal in the CCIF and 

therefore the flow field within crucible was treated as 

multiphase one. The Volume of Fluid approach was 

applied in the calculation model. To obtain the flow field 

distribution, the continuity equation in the form (7) [5] and 

momentum conservation equation (8) [5] should be solved. 

   vqqqq
t

 div



     (7) 

where: q - volume fraction of the qth phase; q - density of the qth phase. 

 

      sm ffp
t





gvvvvv  rotrotdivgradgraddiv    (8) 

where: p - pressure;  - dynamic viscosity; g - gravitational acceleration; fs - surface tension 

force. 

 

 

Fig. 3. Calculation model for EM 

field analysis of the first CCIF 

 

 

Fig. 4. Calculation model for EM 

field analysis of the first CCIF 
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 These equations are supplemented with boundary condition, on the front and back 

surfaces periodicity boundary condition was assumed. On the top of model pressure outlet 

condition was adopted, for the free surface of molten metal shear stress equal to 0 on both 

sides was assumed. On the outside wall of the model (out 2), no slip condition was assumed. 

 

1.4. Coupling procedure 

 Electromagnetic, heat transfer and fluid flow calculation were conducted for two 

different numerical submodels. Models differs in geometry and calculation domain. 

Calculation model for electromagnetic field consists of molten metal, crucible, inductor, shunt 

and air. Temperature and FD calculations were conducted for the model limited to the molten 

metal and air above free surface of metal, and bottom of the crucible. 

 Fluid dynamics and temperature calculations were performed in time domain, and the 

time step was 0.00001 s. Each 25 time steps the calculations of electromagnetic field were 

performed and mean for the period values of forces and power sources were determined, and 

then transferred as the source terms for the thermal submodel. Before the transfer, the forces 

and heat sources from EM calculation were approximated for the T-FD calculation mesh [6]. 

 

2. Numerical experiment 

 

 Six simulation variants were performed during the experiment. For each of the two 

CCIF models, three calculation variants, different in volume of the titanium, were conducted. 

The variant designators are as follows: CCIF model 1, volume of titanium 1 is designated as 

m1v1. Considered quantities of titanium are: 1,06 kg, 1,6 kg, 2,13 kg which corresponds to 

complete filling the crucible to the level of 0,04 m (27%), 0,06 m (42%), 0,08 m (55%). 

 All variants of calculations were conducted for the same inductor current and current 

frequency of 10 kHz. The liquid metal properties were as follows: conductivity [5]  = 50,5E4 

S/m density [6]  = 4160 kg/m3, thermal conductivity [7] λ= 32 W/(mK), specific heat c = 

9,87E2 J/(kg K), dynamic viscosity [8]  = 4,03E-3 Pa s.  
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Abstract 
 
 Recently, the finite element multi-physics simulation software Elmer was coupled with 
the computational fluid dynamics software OpenFOAM using parallel two-way coupler EOF-
Library. In order to verify the software is applicable to magnetohydrodynamics (MHD) 
problems involving alternating electromagnetic fields and conductive fluids with a free surface 
we perform a 3D numerical simulation of levitating liquid metal in an alternating 
electromagnetic field and compare our results against the results of analogous numerical 
simulations. 
 
Introduction 
 
 The major advantages of electromagnetic levitation are heating and melting metals 
without a crucible and avoiding contamination of reactive metals. The development of this 
technology is currently aimed towards increasing the maximum melt weight. Having started 
from the levitation of small axisymmetric droplets in a vertically oriented magnetic field created 
by two simple coaxial inductors [1], nowadays up to 500g of aluminum can be levitated  using 
horizontal and orthogonal two-frequency fields created by a very sophisticated inductor 
configuration [2]. 
 Since gravitational, surface tension, electromagnetic and viscous forces are acting on 
melt simultaneously, it makes the problem multi-physical and highly dependent on surface 
shape. Scaling from laboratory to industrial scale is not as straightforward as increasing inductor 
current, but requires testing and improving different device designs and working parameters. 
Considering the high costs and manufacturing time, computer simulations are becoming 
attractive for preliminary validation of inductor design.   
 Simulation tools for industrial MHD are still very few and specialized compared to fluid 
dynamics or electromagnetics where reliable software solutions exist for a wide range of 
problems. To our knowledge, there is no pronounced leader or package, even a commercial 
one, that could provide a ready-to-use solver for MHD with a free surface. In our opinion, the 
established open-source codes such as Elmer [3] and OpenFOAM [4] efficiently coupled with 
the EOF-Library [5] could be suitable for industrial MHD applications such as electromagnetic 
levitation, casting, magnetic pumps etc. Considering that these packages come with no license 
costs, various designs and parameters could be tested simultaneously on virtually any Linux 
machine, including cloud-computing services.  
 In this paper we reproduce the problem of levitating liquid metal in an alternating 
electromagnetic field [6] and compare the results against those of analogous experiment and 
simulation. The main goal of this work is to verify our computational model and the two-way 
coupler EOF-Library. 
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1. Computational model 
 

 We use two physics simulation packages for numerical simulations – the multiphysics 
finite element code Elmer [3] and the computational fluid dynamics code OpenFOAM [4]. Both 
codes are coupled using the efficient and parallelized two-way coupler EOF-Library [5]. 

The computational model consists of the following steps: 

1. OpenFOAM (OF) computes, interpolates and sends electrical conductivity of the fluid 
domain 𝜎 = 𝛼 ⋅ 𝜎  to Elmer, where 𝛼 is the fluid fraction (𝛼 = 1 for melt, 𝛼 = 0 
for air) and 𝜎  is melt conductivity. 

2. Elmer solves the time-harmonic electromagnetic problem which is described in terms 
of vector potential 𝐴  and scalar potential V, and is derived from Maxwell’s equations: 

  
𝛻 𝐴 ⃗ + 𝜎𝜔𝐴⃗ − 𝜎𝛻𝑉 = 𝚥 ⃗

𝛻 𝐴⃗ − 𝜎𝜔𝐴 ⃗ − 𝜎𝛻𝑉 = 𝚥
,      (1) 

Where 𝐴 and V are vector and scalar potentials, 𝜔 is the angular frequency, 𝚥 is the 
external current source, 𝜎 is electrical conductivity, 𝑅 and 𝐼 denote real and imaginary 
parts. 

3. Time harmonic magnetic field induces currents in conductive fluid. These  currents 
interact with magnetic field and produce the time averaged Lorentz force FL: 

 𝐹⃗ = 𝑅 𝐽 × 𝐵∗ ,        (2) 

where B is magnetic flux density, J is current density and “*” denotes a complex 
conjugate. The force is interpolated and sent from Elmer to OF. 

4. Fluid dynamics with a free surface are modelled using the incompressible Navier-Stokes 
equation and the volume of fluid (VOF) method. The  time averaged Lorentz force is 
added to the source term 

 
⃗

+ �⃗� ∙ 𝛻 �⃗� − 𝜈𝛻 �⃗� = 𝐹⃗ + 𝐹⃗,      (3) 

where U is velocity, 𝜈 is the kinematic viscosity and Fg is the gravitational force. 

5. All the steps starting from the 1. are repeated, the electromagnetic solver is called and 
the forces acting on the melt are updated if 

 𝑚𝑎𝑥(|(𝛼 − 𝛼)|) > 0.5,       (4) 

where α and αold are melt fractions at the current time step and time step at which Elmer 
was previously called. 

 
2. Levitating liquid problem 
 

We solve the 3D problem of levitating liquid metal with a free surface in alternating 
electromagnetic field created by two coaxial inductors. Okress et al. [1] described this problem. 
Spitans et al. [6] reproduced the experiment and performed numerical simulations using the 
externally coupled ANSYS and FLUENT commercial software. Their simulation results were 
in agreement with the experiment, therefore we compare them to the results obtained herein.  
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The problem deals with two inductors with seven windings each (Fig. 1 (a)). Inductor 
currents flow in opposite directions with a 9650 Hz frequency and a homogeneous density of 
𝐽ampl = 3.25 ⋅ 10 𝐴 𝑚⁄  which is equivalent to a total effective current of 𝐼eff = 650𝐴. The 
skin effect in inductors is not considered. Initially, aluminium melt has a spherical shape and is 
placed 5mm above the x-axis; its electrical conductivity is 𝜎melt = 3.9 ⋅ 10 𝑆 𝑚⁄ , kinematic 
viscosity is 𝜈melt = 10 𝑚 𝑠⁄ , density is ρ = 2380 kg 𝑚⁄ , surface tension is γ = 0.94 𝑁 𝑚⁄ . 
The skin depth in melt is 𝛿 = 2.6 𝑚𝑚. The simulation time step is controlled by OpenFOAM 
and is limited by the Courant number 𝐶 < 0.5. Three turbulence models were tested: k − ε, 
𝑘 − 𝜔 SST and Large eddy simulation (LES).  

 
2.1. 𝒌 − 𝜺 and 𝒌 − 𝝎 SST turbulence models 

The mesh is created using the open-source software Salome [7]. For the k − ε  and the 
𝑘 − 𝜔 SST turbulence models the OpenFOAM mesh has 129K structured hex cells (all the 
edges are 0.75mm). The Elmer mesh has 1.3M unstructured tetrahedral elements (in the fluid 
region the edges are ≤ 0.75mm), see Fig. 1 (b).We start from a spherical shape and solve the 
problem until t = 3𝑠 with the k − ε  model, then the obtained result is used as an initial 
condition for another 3 second simulation with the 𝑘 − 𝜔  SST model. 

 
2.2. LES turbulence model 

A finer OpenFOAM mesh is used for fluid dynamics simulation with the LES 
turbulence model. It has 0.97M structured hex cells (0.4mm size). The Elmer mesh was 
optimized and the quality of elements (aspect ratio) was improved, see Fig 1. (c). The resulting 
mesh has 0.88M tetrahedral elements (in the fluid region the edges are ≤ 0.8mm). Simulation 
with the LES model starts from a spherical shape and runs until t = 1𝑠. 

 

(a) (b) (c) 

Fig. 1. Schematic drawing of the 3D axisymmetric problem (a), scale shown in millimeters. 
Quarter-cut structured (129k hexahedral cells) and unstructured (1.3M tetrahedral elements) 
meshes for fluid and electrodynamics problems (b). Cut from the optimized Elmer mesh (c) 

 
3. Results 
 
3.1.  𝒌 − 𝜺 and 𝒌 − 𝝎 SST turbulence models 

Running the simulation in parallel on 6 cores (2 for OpenFOAM and 4 for Elmer) took 
9 hours for the 𝑘 − 𝜀 model. Starting from an initial spherical shape, the simulation reached a 

83



quasi-stationary state. 71% of the computational time was due to Elmer that recomputed the 
EM field 59 times; one computation took 6.5 minutes on average. OF performed 8075 time 
steps, where one time step took about 1 second. 

The simulation with the 𝑘 − 𝜔 SST model was also run on 6 cores (2 for OpenFOAM 
and 4 for Elmer) and took 12 hours to complete. 88% of computational time was due to Elmer 
which recomputed the EM field 105 times; one computation took 6 minutes on average. OF 
performed 2717 time steps, each one took about 1 second. 

The results are shown in Fig. 2.  For the 𝑘 − 𝜔 SST model the melt is located lower, 
consequently, the Lorentz force is dominant. Velocity magnitudes for the 𝑘 − 𝜔 SST model are 
more than 2 times lower comparing to the 𝑘 − 𝜀 model. Both turbulence models produce similar 
melt shape and inner vortex structure. 

Comparison between our 𝑘 − 𝜔 SST results and [6,8] is shown in Fig. 3. (a). The shape 
of the melt is in a very good agreement with the reference simulation results, but it differs from 
the experimentally measured shape. Velocity magnitude differs by more than 30% comparing 
with the analogous simulation. 

 

 
(a) 

 
(b) 

Fig. 2. Results for two turbulence models. Lorentz force magnitude and direction (a) for 𝑘 − 𝜀 
in left and 𝑘 − 𝜔 SST in right side of (a). Velocity magnitude and direction (b) for 𝑘 − 𝜀 in 
left and 𝑘 − 𝜔  SST in right side of (b). The lower horizontal line is the x-axis, the regular grid 
represents fluid mesh with 0.75mm cell size 
 

2.2. LES turbulence model 
The simulation with the LES turbulence model ran for 88 hours to simulate 1 second on 

16 cores (8 for OpenFOAM and 8 for Elmer). 87% of computational time was due to Elmer, 
which recomputed the EM field 2284 times; one computation took 2 minutes on average. OF 
performed 18967 time steps, where one time step took about 2.5 seconds. 

Contrary to the 𝑘 − 𝜀 and the 𝑘 − 𝜔 SST models, the LES turbulence model introduces 
perturbations to the axisymmetric problem and the melt experiences rotation and random 
deformations. We underestimated these effects while building the computational mesh and 
defined a too narrow fluid region. During the simulation 14% of the melt were lost because of 
the small simulation domain and open boundary conditions. Comparison between our LES 
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model results (averaged for 𝑡 = [0.5,1]) and the reference result [6] is shown in Fig. 3. (b). Melt 
surface development in time including the time when it reaches the outer boundary of the 
computational domain is shown in Fig. 4. 

 

 

(a) (b) 

Fig. 3. Comparison between our results (within the meshed area) and the results taken from 
Spitans et al.[6]. Experimentally measured time-averaged free surface (circles), 2D 𝑘 − 𝜀 
simulation by Bojarevics et al. [8] (grey line), solid line and arrows for 3D 𝑘 − 𝜔 SST 
turbulence model (a) and 3D Large eddy simulation (b). Arrows show velocity distribution and 
amplitude, the dashed horizontal line is the x-axis 

 
 

Fig. 4. Surface shape dynamics for the LES model. At  𝑡 = 0.5𝑠 and 0.7s melt reaches the 
outer boundary of the computational domain 

 
Conclusions 
 
 We used Open-source software for all simulation steps, including pre- and post-
processing to produce the results shown in this paper. We successfully ran OpenFOAM and 
Elmer simulation software coupled with the EOF-Library on one node with 16 physical cores 
and demonstrated that the computational model (electromagnetic and fluid dynamics solvers 
coupled through electrical conductivity and the Lorentz force) and the EOF-Library code are 
capable of solving  the 3D levitating melt problem with two coaxial inductors. 
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 Three turbulence models - k − ε, 𝑘 − 𝜔 SST and Large eddy simulation (LES) - were 
tested. We found that k − ε and 𝑘 − 𝜔 SST produce similar melt shapes, although the k − ε 
model overestimates viscosity magnitude and yields velocity magnitude twice smaller than 
expected. The melt shape obtained with the 𝑘 − 𝜔 SST model is in a very good agreement 
compared to the equivalent simulation performed using commercial software [6], but it still 
differs from the experimentally measured shape and velocity magnitudes differ by 30% 
compared  to the analogous simulation. Deviations in the velocity could be due to a coarse mesh 
or different turbulence model implementations in fluid dynamics codes. 

 We ran a computationally intensive simulation with the LES turbulence model, but due 
to a small computational domain and open boundary conditions 14% of the melt were lost 
during the simulation. As a result, the obtained melt shape and the average flow pattern differ 
from the reference experiment and simulation. The results could be improved by increasing the 
fluid domain size, building a finer EM mesh and running the simulation for a longer time. 

In all the simulations the computational performance was limited by the electromagnetic 
solver which took up to 88% of simulation time. The criteria for updating the electromagnetic 
field have to be revised and the computational load balancing between OF and Elmer needs to 
be improved. 
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Abstract 

 

 Thermally-activated chemical source of electric energy is one of the alternative 

sources of special purpose. Anodes for such batteries are made of lithium-boron composite. 

The use of electromagnetic stirring in the technology of production of such a material makes 

it possible to obtain a good quality distribution of boron powder in a lithium melt. As the 

source of the electromagnetic field used two inductor of the traveling magnetic field (TMF). 

TMF inductor system allows to generate a different flow pattern as one, two vortex or more 

tricky flow structure. The computations of mass transfer in the melt are performed using a 

three dimensional k-omega SST turbulence model. A 3D electromagnetic model was used for 

Lorenz force density computation. Coupling of proposed numerical model were performed by 

means of COMSOL Multiphysics. 

 

Introduction 

 

 Uniform impurity distribution issue in liquids is playing an important role in many 

areas [1]. Such necessity is arising in lithium-boron composite production from which anodes 

for batteries are made. Manufacturing process consist of boron powder introduction directly 

into molten lithium. Since the impurity density is greater by several times than lithium density 

and distribution in result is not uniform without any external influence. In order to address 

this challenge the electromagnetic stirring technology was proposed.  

 Stirring by the traveling magnetic field is widely used in different areas from 

intensification large scale metallurgical processes [2-4] to crystal grow in presence of  

TMF [5]. 

 Present paper deal with electromagnetic stirrer which is placed and operated at the 

Institute of High-Temperature Electrochemistry. Capacity of this installation is 0.5 kg and it is 

necessary to increase its capacity. For given purpose the numerical simulation of stirring 

modes is proposed. Full three dimension hydrodynamic computational results will allow to 

understand transport phenomena in the presence of TMFs and to further scale-up the 

installation capacity taking into account existing operating experience. 

 

1. Electromagnetic Stirring Installation 

 

 Configuration of concerned electromagnetic stirrer is shown on Fig. 1. It consists from 

two inductors which are arranged by the sides of the vessel with liquid lithium. These 

inductors are 12 copper coils that are in magnetic core slots. The group of coils supplied by 3 

phase source and generates a TMF. That alternating magnetic field is penetrate into the 

molten metal and leads to the movement of well conducting liquid. 
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 Generally for the stirring by TMF of 

cylindrical vessels the annular type coils are 

used [8, 9]. Under this influence a single 

toroidal type vortex is formed. [10, 11]. We 

consider the use of alternative methods for 

increasing the intensity of mixing. This 

installation allows to change the direction of 

the magnetic field separately for each of the 

two side inductors and even create oppositely 

and towardly directed TMF. 

 In this paper the three configurations 

of the traveling magnetic field, which 

schematically shown in Fig. 2 are considered. 

The first one is a combination of upward on 

the left side and downward on the right side 

TMF. The second is a simple double 

downward magnetic field. And the third is an opposite-toward direction magnetic field. 

 

2. Numerical Model 

 

 Previously operating modes of present stirrer is numerically investigated by means of 

two dimension model with laminar steady models [6, 7]. But such formulation does not give a 

complete melt flow pattern due to the proposed unstable flow and the design features of 

stirrer. Geometry preparing, meshing, coupled hydrodynamic (HD) and electromagnetic (EM) 

numerical calculation were performed in COMSOL Multiphysics simulation software.  

 

2.1. Electromagnetic part 

 To compute magnetic field, induced current and Lorenz force distribution the 

Magnetic Fields (mf) interface is used. It based on solution of Maxwell’s equations, which are 

formulated using the magnetic vector potential. A full 3D geometry corresponds to the  

figure 1 and the parameters are given in table 1. The mesh consists from 257524 tetrahedral 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Investigated Electromagnetic Stirrer 

 

 
Fig. 2. Cut plane of stirrer with liquid metal 

and proposed directions of TMF 
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elements. At the liquid metal surface domain mesh refined taking into account skin effect. 

The first step of EM part computing is a coil geometry analysis which used to compute the 

current flow of a coil. After that preprocessing step the problem is solved by means of 

frequency domain study step. 

 

2.2. Hydrodynamic part 

 In most of magnetohydrodynamic (MHD) application there is a turbulent or transition 

from laminar to turbulent flow especially in electromagnetic stirring. In connection with this 

the k-ω SST (spf interface) was chosen which is revealed good correlation with experimental 

data [12]. The obtained from EM part Lorenz forces is a source term for HD part. For the HD 

computation was used a uniform swept quadrilateral mesh with maximum element size 7 mm 

(Fig. 3). 

 

 

 

 

 

    
1 2 3  

Fig. 4. The induced electric current density and Lorenz force distribution (arrow) in the 

liquid metal for different configuration of TMF (see the cut plane from fig. 2) 

Tab. 1. Parameters 

Parameter Value 

Inductor height, [mm] 300  

Coil current , [A] 1.6  

Number of turns 1216 

Frequency, [Hz] 50  

Liquid lithium electrical conductivity, 

[S/m] 

5.8·106  

Lithium dynamic viscosity, [Pa·s] 0.53·10-

3 

Lithium density, [kg/m3] 500 
  

Fig. 3. HD mesh quality and liquid 

column geometry 

A/m2 

3×106 

0 
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 0.25 sec. 0.5 sec. 1 sec. 2 sec. 4 sec. Time average 
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3 

      

Fig. 5. Flow dynamic of melt for different configuration of TMF (see the cut plane from 

Fig. 2) 
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3. Numerical results 

 

 The result of the electromagnetic analysis is the density of the Lorentz force in the 

liquid metal. Figure 4 shows the direction and intensity of forces for different modes of 

operation of the stirrer.  Due to the skin effect, the greatest Lorenz forces are concentrated in 

the near-wall area and their direction corresponds to the direction of TMF. In the case of the 

third variant, the value of the induced current is much less. This is explained by the fact that 

in this mode of operation the number of slots per pole and phase [13] is doubled. 

 Figure 5 presents a qualitative comparison of stirring modes under consideration. The 

unsteady regime of mixing is observed in all cases. That instability  The first configuration of 

the TMF gives the highest flow intensity, in fact forming a rotation of the liquid bulk around 

the x axis. The greater velocity at the right wall is due to the nonsymmetry caused by the fact 

that the vessel is not completely full. The second mode gives two vortex flow structures, but 

due to the fact that TMF are directed in one direction (down) the flow intensity is lower The 

third configuration gives the  "eight" type flow pattern, as can be seen from the figure in this 

mode, the upper vortex actively penetrates into the lower one and vice versa. 

 

Conclusions 

 

 A numerical model of an electromagnetic mixer has been developed which allows 

increasing the capacity and productivity of the existing installation. It is determined that EM 

stirring by double side TMF inductor has an unsteady vortex parent and azimuthal velocity 

component. The presented model is planned to be improved by a more advanced description 

of turbulence, a more detailed grid and connection of a particle-tracking interface.  
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Abstract 

 

 Realization of the process of titanium production by magnesium thermal reduction 

from titanium tetrachloride at a temperature higher than that of the modern industrial process 

using a reactor produced from a high-temperature niobium alloy. 

 

Introduction 

 

 Titanium is the most common metals and has a unique combination of properties. Due 

to the high specific strength, refractoriness and heat resistance, it is widely used in the 

aerospace industry, shipbuilding industry, nuclear industry. However, the complex 

composition of the titanium-containing minerals and a high affinity of titanium to oxygen to 

create difficulties in obtaining pure titanium, necessitating a plurality of process stages, and 

complex hardware and flow chart implemented in the industrial production of titanium with 

magnesium (Kroll process). Broad effective use of titanium is limited by its high 

cost. Numerous attempts industrial implementation of other ways of manufacturing of 

titanium were unsuccessful. 

 Chlorination of enriched titanium ore yielding titanium tetrachloride and its thermal 

reduction to metallic titanium by magnesium is the basic modern industrial method of 

titanium production. Steel retorts are used in the production. When interacting with titanium, 

iron and nickel in steels form a liquid eutectic at high temperatures. These materials are 

washed out, the sponge titanium is polluted (contaminated) and the walls of the retort become 

flimsy (exhausted). Therefore, the heating of the retort is limited to 900 oC. The titanium, 

which contacts with the steel walls of the equipment, is contaminated by the material of the 

walls; that is why it undergoes regeneration or is used as a low-grade material. After 

multistage processing of metallic titanium, only 10-15% of pure titanium is produced from 

this titanium raw material. 

 About 70 reactions are possible in the system TiCl4(Ti(IV)) -TiCl3 - TiCl2(Ti(II)) - 

TiCl - Ti - Mg – MgCl - MgCl2(Mg(II)). The following ones are selected from the point of 

view of thermodynamics and kinetics (see Fig. 1) [1]. The reduction takes place as 

intermediate stages of the formation of titanium lowest chlorides. The first, most possible 

stage is the reduction of TiCl4 vapors by magnesium to TiCl2 because this demands the 

collision of only two molecules of the initial reagents. The formation of lowest chlorides is 

also possible as a result of the secondary reactions of chlorides with Ti. A complex multi-

phase contribution of the components to the reaction takes place. To obtain the desired result, 

it is necessary to understand not only the kinetics of the directly reacting molecules, but also 

their transport into the region of reaction and the removal of the reaction products from it, and 

then to correctly realize the process. 
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(1) 

 

Fig. 1. Schematic presentation of the desired reactions in thermodynamics and 

kinetics (solid arrows – condensed phase, dashed arrows – vapor-gas phase). 

 

 

 Theoretical studies [2] show that the temperature range 1200 – 1400 oC is more 

beneficial for the reduction to metallic titanium. The development and realization of new 

highly effective methods of thermal reduction of titanium by magnesium are determined by 

the technological and design features of the process when the interaction of Ti(IV) with 

magnesium would occur at a higher temperature if compare with that of the existing process 

and under more beneficial conditions.  

 

1. New reactor 

 

 The use of niobium alloy makes it possible to considerably increase the temperature in 

the reactor and to carry out the reduction process in the optimal temperature range. The 

temperature increase in the reactor offers the possibility of rapid removal of magnesium 

chlorides by diffusion into the condenser (Fig. 2). The removal of magnesium chlorides, 

which comprise more than 90% of the reaction products, makes more working space in the 

reactor. 

  The IPUL team has accumulated experience with NbZr contours with lithium at high 

temperature (>1000°C) in a vacuum [3]. The NbZr alloy is weldable and therefore suitable for 

the production of a retort for magnesiothermic reduction of titanium tetrachloride at 

temperatures 1200-1400 °C. In 2007 the IPUL team conducted a preliminary experiments on 

magnesiotheermic reduction up to 1100 °C in a small reactor made  of NbZr alloy. Corrosive 

degradation was not observed.   

 The temperature ranges exceeding 1000 oC have not been studied in detail 

experimentally. We make attempts to predict how to utilize the advantages of the reaction 

occurring in the reactor at 1150 oC (this temperature is applicable for niobium in magnesium 

[4]) and how to realize the process using special equipment, i.e. high-temperature, quick-

operating valves and gates or shutters which will make it possible to control the process such 

that it would take place predominantly in the gas phase. The control implies a dose supply of 

reagents and the removal of volatiles after the reaction, making room for another reaction. In 

this case, the working space will be reduced only due to the titanium remaining in the reactor. 

Since in the gas phase titanium is formed as powder [5], then, apparently, it will be possible to 

design a reactor with the periodic titanium powder spilling through the opening channel into a 

separate tank (vessel) outside the reactor and the furnace. Then the thermal reduction of 

titanium by magnesium can be assumed continuous. 

 Due to the high chemical activity of titanium at high temperatures, all technological 

processes must be carried out in an inert medium or in a vacuum.  
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 In such a reactor, by successive batch feeding of the reactants, it is possible to provide 

reduction of the tetrachloride, preferably in the gas phase, to obtain high-quality metallic 

titanium in the form of powder with particles of different sizes. 
 

    
Fig.2. The basic diagrams of the device for intensive production of titanium by repeated 

conducting magnesium thermal reduction from titanium tetrachloride and removal of the 

volatile reaction products into the capacitor 

 

 

  
Fig.3. Pressure of saturated vapors of 

Ti(IV)  (dots), magnesium (continuous),        

Mg(II) (dashed), Ti(II) (dots) and titanium 

(dot-dashed) 

 

 

 

 

Fig.4. Enthalpy (HT-H298.15) of 1 M of 

reagents and products of magnesium-

thermal reduction of titanium tetrachloride 

Ti(IV)  (dots), Mg (continuous), Mg(II) 

(dashed), and titanium (dot-dashed) 

 

In order all the processes, such as reduction, separation of products and removal of 

Mg(II) from the retort into the condenser, occur mainly in the gas phase, we choose such an 

amount of the reagents which would make most of Mg(II) remain in the gas phase upon 
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reaction completion. This will reduce to a minimum the time of the Mg(II) removal from the 

reactor by distilling its vapors into the condenser. 

 The processes taking place in a small test reactor (which can be produced and used in 

experiments) are estimated. 

 In a reactor of Vr = 10 L, with the wall temperature Tr = 1150 oС, the pressure of 

saturated vapor of magnesium dichloride is 0.137 bar, the mass corresponding to the saturated 

vapor is 1.302 g. This quantity corresponds to 0.0137 M. The resulting reaction scheme of the 

process of thermal reduction of tetrachloride by magnesium to titanium and of the amount of 

the reagents (mMg, mTiCl4) and products (mTi, mMgCl2), in this case, is 

 

)0137.0(302.1327.0297.1333.0

)()/(2/1)(2/1)( 24

Mgmoleforgggg

vaporMgClliquidsolidTivaporTiClvaporMg   (2) 

 

 Referring to the calculations of the enthalpies of the reagents and of the products of 

the reduction, illustrated in graphs in Fig. 4, and minding the fact that the standard thermal 

effect of the reduction reaction is H0(298) = -261kJ/mol_Mg, it is possible to calculate the 

thermal effect of the reduction reaction for 0.0137 M. It is assumed that magnesium is 

supplied at 800oC. Since the walls of the reactor are considerably thicker than the portion of 

magnesium, a heat power of 3 kJ, needed for its evaporation, will cool the 10-kg walls 

approximately by 0.3oC. We neglect the change in temperature of the walls due to the 

evaporation of magnesium and examine the reaction of magnesium at 1150 oC and of Ti(IV) 

at 25 oC. The end products (titanium and magnesium chloride) will be examined at 1150 oC. 

The thermal effect of the reaction for 1 M of Mg is 275 kJ, for 0.0137 M it is 3.77 kJ. With 

the adiabatic conditions for the reaction zone, this corresponds to the heating up of the 

reaction products to 2785 K: magnesium chloride is overheated vapor, titanium is molten. For 

the actual process, this means that local alloying of the titanium particles can occur. The 

increasing pressure of the vapors of magnesium dichloride and titanium dichloride of the 

intermediate reaction contributes to the transport of the substance from the zone of reaction to 

the relatively “cold” walls. This can contribute to the transport of fine dispersed titanium and 

its precipitation on the walls. The duration of this process can be determined if we control the 

composition of the samples from the condenser upon reaction completion and after discharge 

of the reaction products into the condenser. The presence of titanium in the condensate will 

testify of the insufficiency of the reaction stage. At the same time, the quantity of the heat 

from the reaction differs from the necessary heating power for the 10-kg the walls of the 

reactor by less than one degree. Most of this heat is removed from the reactor together with 

the distillation of Mg(II). Therefore, there are no problems with reactor overheating and no 

need in its intensive cooling as in the modern industrial reactors. Upon evaporation of 0.0137 

M of magnesium, the pressure in the reactor rises to 0.163 bar. Upon completion of the 

reduction reaction, the pressure of Mg(II) vapors is equal to 0.137 bar; after the vapors are 

distillated into the condenser at the temperature 987oC, the pressure is 43 Pa. If more 

magnesium is supplied, in excess, for example, 0.35 g, the extra for the stoichiometric 

proportion 0.017 g will be removed together with the magnesium chloride into the condenser. 
 

1.1. Injection and vaporization of magnesium. 

 The injection of the stoichiometric quantity of molten magnesium from the supllying 

tank into the reactor is conducted via a magnesium feedline by a controlled heat resistant 

valve and a nozzle with small appertures (Fig. 5). 

 A portion of magnesium can be supplied by opening the path (loop) for a certain 

period of time. A magnesium portion mMg can be supplied into the reactor with the absolute 

pressure pv0~50Pa  from the feeding tank at 700 oC, with the level of magnesium above the 
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nozzle being h = 04 m and the pressure above the magnesium free surface pG = 0.2 bar. The 

pressure in the reactor, calculated in accordance with the quantity of the evaporated 

magnesium, and the discharge velocity into the reactor through the nozzle of dN = 0.2 mm in 

diameter are presented in Fig. 6. The dispensing time τp is the time, during which it is 

necessary to open the magnesium loop to supply magnesium mMg into the reactor, which is 

determined from the equation 

𝑚𝑀𝑔 = 𝜌 ∙ (𝜋 ∙
𝑑𝑁

2

4
) ∙ ∫ 𝑣(𝑡)𝑑𝑡

𝜏𝑝
0

. (3) 

 

For our illustration, the dispensing time p is 2.3 sec. 

 

  
Fig.5. Injection of the molten 

magnesium into the reactor by 

a nozzle with small appertures 

Fig.6. Discharge velocity into the reactor through the 

nozzle with diameter of 0.2 mm. 

 

1.2. Injection of titanium tetrachloride and reaction 

 In the next stage titanium tetrachloride Ti(IV) is pushed through a small hole into the 

chamber with magnesium vapors. The amount mTiCl4, while flowing through the feeding 

channel to the lid of the reactor, will be heated by the channel wall. The most optimistic 

estimations taking into account a possible thermal insulation yield a temperature >400 K for a 

Ti(IV) jet when entering the chamber with magnesium vapors. In this case, saturated vapor 

pressure of Ti(IV) is much greater that the vapor pressure of magnesium (Fig. 3). Evaporation 

rate is high. When expanding the Ti(IV) vapor-liquid jet reacts with the magnesium vapors, 

heats up and then breaks into drops of magnesium chloride with solid titanium particles and 

Ti(II)  . The reaction products are generated in the flow and driven by the flow towards the 

bottom and walls. 

 

1.3. Removal of vapors of magnesium chloride from the reactor 

 Upon the completion of the reaction, all of the magnesium chloride mMgCl2 will remain 

in the gas phase in the reactor. As soon as the valve on the channel, which connects the 

reactor to the condenser, is opened, the vapors from the reactor are sucked into the condenser. 

The hydraulic resistance of this channel is the main obstacle for the vapor removal rate.  With 

the diameter of the channel being 5cm and length 2m and with the cross-section narrowing at 

the valve to 2.5 cm, the time of vapor evacuation from the reactor into the condenser will be 

about 0.095 s. 
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1.4. Scenario of the reactor operation.  
1 – vacuum, reactor temperature 1150 oС 

2 - 0.333 g supply / 10 L-bucket with magnesium; the pressure in the reactor  

increases to 0.163 bar 

3 - Ti(IV) injection of 1.297 (g/bucket). The reaction takes place. Very quickly. With heat 

release. 

4 - 1.302 (g/bucket) of magnesium chloride vapors and 0.327 (g/bucket) of solid titanium are 

formed in the reactor. The pressure in the reactor is 0.137 bar. 

5 – the outlet valve (gate) is open which connects the reactor with the cold evacuated chamber 

with the temperature 720 °С (the vapor pressure is 48 Pa) to collect magnesium chloride 

6 – the cycle is completed after the valve is shut (closed). The pressure in the reactor is 50 Pa; 

then follows p.1. 

The quantity of titanium per cycle is equal to a cube with the edge 0.47 cm. The procedure 

distribution in time for one cycle is illustrated in the diagram in Fig. 2. The cycle duration 

includes the time of evaporation of the supplied magnesium, the time of the reaction, the 

precipitation of fine dispersed titanium on the walls, and the time of the distillation of 

volatiles into the condenser. Titanium is periodically spilled through the bottom hole by 

opening the shutter (not shown in Fig. 2). Powder titanium can undergo electroslag remelting 

to produce ingots of titanium alloys. 

 

Conclusions 
 

The plant with 50 constantly operating 10m3 reactors will produce 18.95 thousand tons of 

powdered pure titanium throughout the year. The income from the sale of titanium at the 

average market price is estimated at $ 0.379 billion. This perspective justifies the cost of 

expensive research. 
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Abstract 

 

 Preheating of metals in induction crucible furnaces is often a long-term process 

characterized by a big energy consumption. Numerical simulation could be an useful tool for 

optimization of the process. The electromagnetic field distribution, time evolution of 

temperature field, velocity distribution and shape of free surface in a crucible of given 

geometry are affected by various parameters of the system. Quite reasonable results are 

obtained by means of simple two-dimensional numerical model validated by the experiments.  

 

Introduction 
 

Electromagnetic influence on liquid metal causes its movement due to Lorentz forces 

generated by electromagnetic induction. This idea could be applied in various metallurgical 

processes of liquid metals like: continual transportation, feeding, purification, stirring. For 

small distances electromagnetic kind of transportation realized by different types of 

magnetohydrodynamic pumps may replace classical ways of transportation.  Electromagnetic 

feeders are more frequently applied mainly for aluminium or its alloys. Use of electromagnetic 

devices for purification (for instance for removal of non-metallic inclusions) was still applied 

rarely. One example of such an application was a reduction of oxides in aluminum during 

transportation in electromagnetic channel [1].  Induction stirring of liquid metals represents an 

advanced technology aiming at the improvement of their resultant structure and physical 

properties. We have at least three reasons for its application: degasification of melt, uniform 

distribution of all ingredients within the melt, its better nucleation. Liquid metals often 

contain certain amount of gases, for instance hydrogen, whose presence in the final product, is 

undesirable. During their processing in classical furnaces a part of gas bubbles gets out of the 

melt because of internal pressure in it. But due to viscosity a part of bubbles remains in its 

structure. And consequent induction stirring provided for instance in induction crucible 

furnaces may contribute to their removal. Until recently, the technology was used for amounts 

of metal not exceeding several tons placed in ceramic or special crucibles. Manufacturers 

search for possibilities that would allow processing much higher amounts of metal.  

 

1. Mathematical Modelling 

 

Let us consider a continuous axi-symmetrical, two dimensional mathematical model of 

the induction stirring process taking place in a ceramic crucible of the induction furnace. The 

model corresponds to the real induction crucible furnace installed in the aluminium plant 

located in the southern Poland. The definition area for the case and its corresponding 

algorithm are presented in Fig. 1 and Fig. 2 respectively.  
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The coupled electromagnetic-temperature-flow fields were analyzed. Magnetic field produced 

by a periodical current  has to be calculated as an open boundary task. The artificial boundary 

ABCD (see Fig.1) was  taken in a sufficient distance from the inductor-work-piece system. 

 

 

Hysteressis losses were neglected, so the equation providing distribution of the 

magnetic vector potential A reads 

 

  z

1
curl curl curl

t
 



  
       

 

A
A A J      (1) 

 

where denotes the magnetic permeability,  the electric conductivity, v – velocity of liquid 

metal and Jz – the current density in the inductor. 

The equation (1) has to be supplemented with appropriate boundary conditions 

following from the arrangement. For the artificial external boundary (line ABCD) the 

Dirichlet condition in the form  A = 0 was applied. For the axis DA of the arrangement the 

same boundary condition is applied due to anti-symmetry of field currents. The second and 

third terms on the left-hand side of (1) represent the current density  generated in a conductive 

part of the arrangement: 

 

 gen vind curl 


      
t

A
J J J A        (2) 

 

 Fig. 1. Definition area 1 – lid, 2 – 

inert atmosphere, 3 – free surface, 4 

– inductor, 5 – magnetic core, 6 – 

liquid metal, 7 – ceramic crucible. Fig. 2. Algorithm for electromagnetic temperature 

flow fields computation and its validation. 
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The first term on the right-hand side of (2) represents eddy current density Jind induced by 

time-dependent electromagnetic field. The second term represents current density Jv caused by 

the liquid metal movement. For the analyzed arrangement due to small average velocity the 

second term of (2) could be neglected [2]. Considering any point of the liquid metal sub-

region, the volumetric power density  and the volumetric Lorentz force may be calculated as 

 
2

L, curl 
  

       
  

p f
t t

A A
J B Av                              (3) 

 

If the system could be considered as linear (assumption of the constant relative 

magnetic permeability of ferromagnetic material), the equation for electromagnetic field can 

be analyzed as quasi-stationary one. Equation (1) could be transformed into the Helmholtz 

form for the complex amplitude of the magnetic vector potential A  as well as the  relations (3)  

transform into the form of (5)  

 

  zcurl curl j   A A J                                            (4) 

 

where j denotes the imaginary unit and  the angular frequency 

 
22

vj ,     pJ A A                                                   (5) 

 

For the analyzed 2D axi-symmetric arrangement the magnetic vector potential and the eddy 

current density have only one component in the circumferential direction. Vectors of the 

magnetic flux density B and  volumetric density of Lorentz force fL have two components in 

radial and horizontal directions.   

 

LL, z ,
  

  

 
      

  
r

A A A
f J B J , f J B J

z rr r z
                            (6) 

 

The magnetic vector potential is harmonic, so we can write 

 

( , , ) = ( , ) sin[ ( , )]  A r z t A r z t + r z                                        (7) 

 

where Ar, z) and r ,z) denote  the amplitude and  the phase shift respectively.  

The mean value of the volumetric Lorentz forces were as follow: 

 

LL,

( , ) ( , )( , ) ( , )
( , )

,2 2

    
     

 
r

A r z A r zr z r z
f r z f

zr z
                           (8) 

 

The shape of the free surface may be determined from the balance equation of the surface 

tension, electromagnetic gravitational forces and surface tension:  

 

2

02





 gh+ V

R

B
          (9) 
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where g denote gravity acceleration, denotes surface tension, R the curvature radius, V the 

constant value calculated from the total volume of the melt.  

The equation describing the temperature distribution was given by: 

  div grad grad  
 

     
 

p v

T
T c T p

t
                                                   

 (10) 

 

where denotesthe thermal conductivity, densitycp – specific heat.  

The third kind boundary condition for heat transfer between free surface of the melt and 

surroundings [3] (inert atmosphere volume for convection and internal plane of lid for 

radiation) was as follow: 

 

   * 4 4

c ac 1,2 ar  


     


T
T T T T

n
         (11) 

 

where c – convection heat transfer, Tac – temperature of inert atmosphere, 
*

1,2 – 

generalized view factor, Tar – temperature of internal surface of the lid.

The flow field was analyzed common with the pressure field.  Due to fact that the 

Reynolds number was sufficiently low a linear case could be considered. The set of  the 

Navier-Stokes and continuity equations taking into account any kind of turbulence model for 

instance k-  was applied [4].  

 

  d Lgrad grad ,div 0p
t

  
 

         
g + f v = 


                     (13) 

 

where p - pressure, ηd - dynamic viscosity 

The boundary conditions for flow fields strongly depend on the particular arrangement. 

Typically the normal and tangent components of the velocity were supposed to vanish along 

the ceramic walls.  The pressure at the free surface was equal to the known pressure of the 

inert atmosphere. 

  

2. Illustrative Example 

 

As the illustrative example the induction crucible furnace for melting and preheating 

of AlSi alloy was considered. Ceramic crucible of shape shown in Fig. 1 was analyzed as 

perfectlyaxi-symmetric which means the cylindrical shape of the melt cross section. Basic 

dimensions and parameters  of the system were as follow:  

 Ceramic Crucible: diameter  Dc = 1.4 m, height Hc = 2.35 m, thickness of wall gc = 0.1 

m. 

 Lid: diameter Dl = 1.4 m, thickness gL = 0.3 m  

 Melt: AlSi alloy containing of 10 % Si, distance between bottom and free surface h0 = 

1.6 m, material properties: density  = 2.39 kg/m3, electric conductivity  = 4.4.107 

S/m, thermal conductivity  = 173 W/(m.K), specific heat cp = 890 J/(kg.K), surface 

tension   = 0.92 N/m, dynamic viscosity d = 0.016 J/m2.  

 Inductor and power supply parameters: height hi = 1.88 m, internal diameter di = 1.84 

m, external diameter de = 1.96 m, water cooled copper profile 0.036 x 0.047 m, 
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number of coils n = 50, distance between inductor and melt  b = 0.12 m, voltage of 

inductor U = 588, 668 V, frequency f = 50 Hz 

 Magnetic core: was not taken into consideration.  

Results of computations were presented in Fig. 3 - 6. At the first figure (Fig.3) a distribution 

of volumetric density of Lorentz force was presented.  It was strongly non-uniform. Big values 

of the force was noticed near the ceramic wall only. A shape of the free surface was 

determined (Fig.4) and compared with measurements provided at the industrial stand (Fig.5). 

A convex meniscus dependent on voltage was observed (Fig.4). Computations are 

compared with measurements realized at the industrial stand and quite reasonable accuracy 

was achieved (Fig.5). 

Average and maximal values of velocity and Lorentz forces were collected in Tab. 1. 

 

   
Fig. 3. Distribution of the volumetric Lorentz force 

Tab. 1. Velocity and volumetric density of Lorentz forces in liquid 

aluminum alloys in the induction crucible furnace 

U, V 588  668  
 v, m/s fL, N/m3

 v, m/s fL, N/m3 

average 0.1099 11577 0.1695 14936 

maximum 0.8131 207313 1.1245 296124 

 

Fig. 4. Calculated shape of the free surface  

---- U = 668 V, ____ U = 558 V 

Fig. 5. Inaccuracy h between shapes of the 

free surface----U = 668 V, ____ U = 558 V 
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There was a very good accordance between 

computations and measurements of the free 

surface shape in the central part of the melt. The 

inaccuracy ( )h r was calculated as  

c

m

m( ) ( )
( )

( )





h r h r
h r

h r
                                         (14) 

where index c means calculations and index m 

means measurements respectively.   

The inaccuracy was smaller than 1.2% in the 

central part of the melt for radius r < 0.45 m, 

however if  r > 0.45 m the inaccuracy starts to 

increase.  Near the wall of the crucible it 

reached value of about several percent mainly 

because of a low quality of the surface (presence 

of slag containing oxides and other chemical 

compositions) and consequent difficulties with 

application of the proposed laser method for the 

measurements.  
 

3. Summary 

 

The paper presents modelling of induction stirring phenomenon in the induction crucible 

furnace for preheating of liquid aluminium alloys. 3D numerical model was based upon FEM-

based professional software making possible to calculate the distribution of electromagnetic 

field, time evolution of temperature, velocity distribution and shape of free surface. 

Computations were compared with measurements of the meniscus shape provided at the 

industrial stand. Quite reasonable accuracy between computations and measurements was 

achieved in the central part of the melt only.   Lower accuracy near borders of the melt was 

connected with some weaknesses of the measurement method.  
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Abstract 
 

In this paper are presented a new results of testing travelling wave thermoacoustic 
(TAc) generator, coupled with alternating current magnetohydrodinamic (MHD) generator  in 
FP7 project „Space Trips”. This project relates to experimental testing of radioisotopic-feeded 
electrical power supply system for deep space applications. There are analized and described 
experimental graphs of thermoacoustic generator like pressure oscillation amplitude as a 
function of mean pressure and temperature. A certain extrapolation of them had been 
performed. Also a thermoacoustic excitation graph is plotted, where are shown critical values 
when acoustic power generation starts to generate soundwave. 

 
1. General information 
 

Thermoacoustic and magnetohydrodynamic (hereafter TAc and MHD) generators (see 
Fig 1.) are parts in Space Thermoacoustic Radio-Isotopic Power System project 
(SpaceTRIPS) for space application [1]. In space the radio-isotopic source produces heat. The 
thermo-acoustic generator converts this thermal energy into mechanical power in form of 
sound wave pressure oscillations. The MHD generator further converts sound into electricity. 
This is achieved by oscillations of liquid sodium in a permanent magnetic field. Advantages 
of system: 

• Absolute contactless performance without any moving parts or bearings 
• High expected overall efficiency: about 20% 
• Possibility of having 50 Hz alternating voltage 

 

Fig.1. Designed MHD+TAc space system together with laboratory created prototype 
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2. Summary of performed new separate thermoacoustic generator tests 
 
 Before coupling TAc generator with MHD, both machines were tested separately and 
only after coupled. Separate MHD tests were performed with laboratory made compressor 
stand. The main learned lessons of these tests were validation of electrical energy generation 
possibility, discovery of problematic liquid sodium free surface instability and finding 
possible solutions of this problem. 
 There have been performed series of experiments with TAc generator with different 
gas mean pressures and heating temperature. In Fig. 2. and 3. there are shown summary of 
these experiments. For example, in Fig.2. are plotted curves of pressure oscillation amplitude 
like a function of argon mean pressure with different constant heater temperatures. Maximum 
reached pressure oscillation amplitude, as can be seen, was 2,7 bars on 40 bar mean pressure. 

Fig. 2. Pressure oscillation amplitude like a function of Ar mean pressure 
 

Fig. 3. Pressure oscillation amplitude like a function of heater temperature 
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3. Theoretical calculation of a real-built MHD generator prototype efficiency  
 

Before testing MHD generator, there were performed some numerical calculations to 
evaluate teoretical efficiency of prototype.  

An MHD generator was considered as consisting of 2 electrical machines: transformer 
and conduction type alternating current MHD generator [2,3]. With this approach, for 
parameter calculation there can be used transformer equivalent circuit (see Fig. 4.). 

 

Fig. 4. Equivalent circuit of transformer, used in theoretical calculation 
 

Basic equations used in calculations are Ohm’s law: 
 

   
 (3.1.) 

 
and power generation:  

 
   
 

together with: 
 
 
 
 

where df is electromagnetic force density. Then electromagnetic power, transfered 
to liquid metal can be written as: 
 

 
 
 
 
 
 
 
 
The variables in 3.4. subintegral terms are magnetic field distribution in the MHD 

generator axial crossection and inside sodium gap (Fig.5., corresponding to lower left and 
lower right) and electric field inside sodium channel in 2 components. One of them – electric 
current distribution inside liquid metal and another – in opposite direction, in the ends of gap 
(Fig. 5., corresponding to upper left and right). The numerical models were created in 2D 
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FEM program „Quickfield“. Real magnetic field measurements were performed in several 
points inside the MHD generator and had a good agreement between model and experiment. 
In lower right plot it can be seen, that counter-current flow, creates a shunting effect, which 
leads to efficiency decrease.  

 
 

  

 

 

 

 

Fig. 5. Numerical simulation of electric and magnetic fields inside the MHD generator 
 

Having these calculations, it’s possible to obtain an MHD efficiency graph, which was 
calculated using numerical integration with basic Simpson’s rule. This is shown in theoretical 
calculation, in Fig. 6. 

Fig. 6. Theoretical calculated MHD generator prototype efficiency 
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4. Experimental results of coupling experiment 
 
 After connecting MHD generator to TAc, there had been performed first successful 
coupling test, where a certain electrical power had been obtained in the output coil of MHD 
generator [4].  

The experimental results of generated power, are seen in Fig.7. A simple variable 
electrical potentiometer had been connected to MHD generator output coil. Maximum power 
generation reached is 6,5 W.  

 

Fig. 7. Electric mean power extracted in first MHD+TAc coupling experiment 
 

 Extracted power at these conditions is not high, however, taking into account supplied 
pressure oscillation amplitude and introduced sodium flowrate, total efficiency of MHD 
generator energy conversion, calculated from experimental data  (Fig. 8.), is close enough to 
theoretical evaluations in Fig.6.  

Fig. 8. Experimentally obtained MHD efficiency graphs on different TAc gas mean pressures 
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Conclusions 
 
 Experiments with liquid were performed using specially designed floats like a free 
surface stabilizers, which were found a good solution for stabilization of liquid metal splashes. 
This methodology were used both in MHD-alone (compressor) experiments and also in 
coupling test. 
 Experiments showed, that both machines – TAc and MHD generators can work and 
generate useful power both together or separately. It is clear, that there is no reason of having 
gravity impact on electromagnetic MHD energy conversion process, as well as TAc sound wave 
propagation. However it is complicated to estimate behavior of liquid metal oscillations inside 
the system in a real Space conditions without gravity. 
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Abstract 

 

The present material is focused on the modelling of small-scale laboratory NaCl-RbCl 

crystal growth furnace. First steps towards fully transient simulations are taken in the form of 

stationary simulations that deal with the optimization of material properties to match the model 

to experimental conditions. For this purpose, simulation software primarily used for the 

modelling of industrial-scale silicon crystal growth process was successfully used. 

 

Introduction 

 

Semiconductor microelectronics is a large market with sales reaching 335 billion 

dollars [1]. This market is based on single-crystal (especially silicon) wafer production, where 

the first technologically complex process is the single crystal growth. Additionally, 40% of 

solar panels are manufactured from monocrystalline silicon (Si) [2]. Si single crystals are 

mostly produced by utilizing the Czochralski (CZ) and floating zone (FZ) methods [3]. 

Continuous crystal growth process development is necessary mostly because of the need to 

decrease the size of microelectronic circuitry elements [4] and increase the wafer diameter [5]. 

This leads to demand for larger crystals with higher quality. Larger amounts of polycrystalline 

Si and larger crucibles used for each crystal growth process causes large financial losses due to 

any faults during this process and makes large scale industrial experiments extremely 

expensive. Therefore, mathematical modelling is a key instrument used for the development of 

the crystal growth processes. 

Mathematical modelling makes it possible to obtain information about important 

physical parameters relevant to the growth process without performing costly experiments. The 

author’s research group in the UL Faculty of Physics and Mathematics has developed such 

mathematical modelling tools for the simulation of the CZ crystal growth process [7]. However, 

it is necessary to perform validation of the mathematical model to ensure its relation to an actual 

crystal growth process by using practical experiments. As mentioned before, industrial scale 

experiments are too expensive to be considered as routine tool for mathematical model 

development. In addition to large-scale experiments, small laboratory scale research techniques 

must be established to perform cost-effective validation of the developed mathematical 

methods. 

 

1. Problem definition 
 

Author of this article has access to small-scale laboratory CZ crystal growth furnace 

which can be used for the mathematical model verification described previously. This furnace 

consists of an electrically heated crucible unit (see schematics in Fig. 2, left) and a crystal puller. 

Crucible contains about 150 ml of NaCl-RbCl salt mixture with molar ratio of 40:60. This 
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composition has eutectic properties which allow for relatively low melting point around 

815 K [8]. Although the crystal growth performed with this material first seems as considerably 

different from the industrial CZ-Si growth processes (size, temperature range, presence of 

atmosphere, translucent melt and crystal), system still exhibits all the physical phenomena that 

can be related to silicon crystal growth. 

 

  
Fig. 1. Photography of the NaCl-RbCl salt crystal growth process (left) and example of a grown 

crystal (right) 

 

The general construction of the furnace as well as material property combination (latent 

heat and thermal conductivity ratio) ensures that overall structure of the temperature field, its 

gradients as well as phase boundary dynamics are very similar for both industrial-scale silicon 

furnace and small-scale salt crystal growth. This can be verified when comparing results in 

Section 3 to results in [7]. Translucency of salt crystal and melt is ignored during the initial 

studies performed in this article – future developments and experimental results will dictate the 

necessity to include this phenomenon in the mathematical model. 

The crystal growth with NaCl-RbCl can be performed under atmospheric pressure and 

do not require any type of enclosure or pressure vessel. Optimal growth conditions are achieved 

at pulling speeds of 0.6 mm/min (see illustrative photography in Fig. 1, left). Crystals can be 

grown with diameter around 20 mm (see example in Fig. 1, right). After performing 

experimental crystal growth shown in Fig. 1, it is possible to study the application of the 

available mathematical modelling techniques for the simulation of this experiment – which is 

the main topic of this article. 

 

2. Calibration of model parameters 

 

2.1. Overview of the mathematical model and creation of geometry 

As described in [8], applied simulation software can perform axisymmetric non-

stationary simulations of: (1) heat transfer by conduction, (2) heat transfer by thermal radiation 

(view factor approach as in [9]), (3) shape of the melt free surface, (4) shape of crystallization 

interface and (5) shape of crystal side surface. 

To perform simulations with the software, axisymmetric geometry was created by 

simplifying various system parts to speed up simulations and conform to the limitations of the 

model (Fig. 2). As it can be seen, ceramic parts are unified into a single domain and separate 

windings of the heater wire are modelled by a single FEM block. These simplifications are 

required to correctly model the radiation heat transfer between these components. 
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2.2. Data from experimental heating of crucible as means for model calibration 

During the experiment, before the crystal growth shown in Fig. 1 could be performed, 

crucible was heated up using its full electrical power of 475 W until all its contents were melted 

and stationary temperature field was achieved. This situation was characterized by the 

following temperature measurements using a pyrometer: 450±10 K on the outer steel casing 

and 850±20 K on the crucible edge, just besides melt free surface. This information can be used 

to calibrate the parameters used in the software to achieve reasonably realistic temperature 

distribution for numerical simulations. 

Physical parameters for the melt [8] and corundum ceramic parts [11] are well known 

(see Fig. 2 for summary). However, the thermal conductivity of the silica insulation wool used 

in the construction of the crucible is not known. This parameter (λins.) can vary from 0.05 to 

0.6 W/(m×K) depending on temperature and how tightly it is packed [12]. Because of the highly 

empirical nature of this parameter, it was chosen as means of calibration of our model – by 

varying this parameter we would ensure that the calculated temperature field corresponds to the 

measurements done with pyrometer. 

 

  
Fig. 2. Schematics of the precise geometry of the crucible-heater unit used in the laboratory 

crystal growth furnace (left, dimensions in mm) and simplified geometry for the creation of 

FEM domains used in numerical simulations (right) 

 

2.3. Approach to convective heat transfer modelling 

Our mathematical model does not include convective heat transfer from steel casing to 

ambient air. To mitigate this problem and achieve realistic temperature field within the system, 

emissivity of the steel case was increased as means to introduce additional heat flux through 

the insulation layer. 

The approach to introduce effective emissivity εeff. instead of using the actual material 

property εsurf. can be related to the use of effective heat transfer coefficient hsurf. described 

in [10]. First, we assume that the heat flux from the steel casing of the crucible block consists 

of two parts: radiative and convective heat losses (Eq. 1). 

 

𝑞surf. = 𝑞rad. + 𝑞conv. (1) 
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Then we can write these heat fluxes explicitly by using the effective emissivity εeff. and heat 

transfer coefficient hsurf. (Eq. 2). 

 

𝜀eff.𝜎𝑆𝐵(𝑇surf.
4 − 𝑇amb.

4 ) = 𝜀surf.𝜎𝑆𝐵(𝑇surf.
4 − 𝑇amb.

4 ) + ℎsurf.(𝑇surf. − 𝑇amb.) (2) 

 

We then solve the Eq. 2 for hsurf. to evaluate how large is the heat transfer coefficient effectively 

applied in our simulation, when we find the appropriate εeff. for the particular set of parameters 

and temperatures (Eq. 3). 

 

ℎsurf. =
𝜎𝑆𝐵(𝑇surf.

4 −𝑇amb.
4 )(𝜀eff.−𝜀surf.)

𝑇surf.−𝑇amb.
 (3) 

 

2.4. Simulation results of a stationary temperature field matched to the experiment 

In our case, all the temperatures in Eq. 3 are known experimentally as well as the 

emissivity of the painted steel surface. By using this information and various effective 

emissivity εeff. and thermal conductivity λins. values, a series of calculations was performed to 

achieve realistic temperature field that corresponds to the temperature measurements. 

The final (fitted) calculated temperature field as well as simulation FEM mesh is shown 

in Fig. 3. We can see that the temperatures are indeed matched to the measured values. The 

summary of the optimized parameters and their relationship to values found in literature are 

shown in Tab. 1. The emissivity εeff. that ensures this temperature field is 1.0. The heat exchange 

coefficient hsurf. that corresponds to such a choice is 7.5 W/(m2×K) which is entirely realistic 

given the data in [10]. It can be concluded that the main thermal parameters of our model are 

successfully fitted to perform transient simulations of the crystal growth experiment. 

 

Tab. 1. Summary of known and calibrated parameters that are featured in the initial stationary 

temperature field simulations. 

Property Value Notes 

Ambient temperature, 𝑇amb. 300 K Experiment was performed in room 

temperature. 

Steel casing covered with 

aluminium paint, 𝜀surf. 
0.4 Value found in [10]. Value increased 

in simulation to account for 

convective cooling (see 𝜀eff.. below). 

Average crucible edge 

temperature, 𝑇edge 

850 K Measured experimentally, must be 

matched by simulation. 

Average steel casing 

temperature, 𝑇surf. 
450 K Measured experimentally, must be 

matched by simulation. 

Effective emissivity of steel 

casing, 𝜀eff. 
1.0 Free parameter that was optimized 

during numerical studies to match 

temperature field to measured values. 

Heat exchange coefficient for 

steel casing, ℎsurf. 
7.5 W (m2×K)⁄  Value that corresponds to 𝜀eff. listed 

above. This corresponds to typical 

values for free convection found in 

[10]. 

Insulation thermal conductivity, 

𝜆ins. 

0.5 W (m×K)⁄  Free parameter that was optimized 

during numerical studies to match 

temperature field to measured values. 
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Fig. 3. Mesh used for FEM simulations of temperature field within the crucible-heater unit (left) 

and results for temperature field calculation (right) 

 

Conclusions 
 

Calculation software used primarily for the modelling of industrial-scale silicon crystal 

growth process has been successfully used for the optimization of unknown material properties 

of a small-scale laboratory NaCl-RbCl crystal growth furnace. Stationary temperature field that 

corresponds to experimentally measured temperatures have been calculated. This result was 

obtained by choosing thermal conductivity of 0.5 W/(m×K) for the thermal insulation layer and 

choosing effective emissivity coefficient of 1.0 for the outer steel case. Such approach is 

equivalent to using convective heat transfer coefficient of 7.5 W/(m2×K). 

The obtained result is a critical first step for the continuation of the numerical studies 

with small-scale laboratory furnace, i.e. stationary calculations will be used as initial conditions 

for the fully transient simulations. After the development of full, non-stationary model for the 

laboratory crystal growth experiments, various modelling approaches can be tested to validate 

the performance and precision of the developed calculation software. 
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Abstract 
 
 A floating zone facility with EM field pressure supported melting zone is proposed for 
germanium crystal purification. A test facility is planned to be built at the Institute of Atomic 
Physics and Spectroscopy at University of Latvia. A simplified analysis of generated EM 
power and heat transfer shows that aluminum is the best material for the test facility. A 2D 
axisymmetric, quasi-steady state model for the EM field distribution and free surface shape 
has also been developed, and first simulation results are presented, including some of the 
working parameters of the proposed test facility. 
 
Introduction 
 
 Along silicon, germanium is an important industrial semiconducting material. One 
factor that limits its use is its high price. In this article, we consider a floating zone crystal 
growth facility that could possibly make purification of germanium cheaper.  

The facility uses a high-frequency (HF) electromagnetic (EM) inductor to melt a 
cylindrical column of semiconducting material, see Fig. 1. The molten zone is moved along 
the column by moving the inductor. Repeated melting of the material will lead to its 
purification due to impurity segregation process.  

Due to large planned column diameter (∼100-200 mm), the surface tension will not be 
able to contain the melt. Although, the HF inductor can create significant pressure on the free 
surface, it will be localized, in general, at the middle of the melt height. To prevent the melt 
from spilling out, a maximum pressure at the bottom and zero pressure at the molten zone top 
should be applied. Such a pressure distribution can be created by a low-frequency (LF) EM 
inductor.  The key problem here is to find an LF inductor configuration that does not produce 

too large EM power. 
Institute of Atomic Physics and Spectroscopy at 

University of Latvia plans to develop a test facility to 
show feasibility of the method. For this reason, a very 
simplified heat transfer and EM power generation model 
was used to determine the best material for the test 
facility and feasibility of the method for germanium. 
After that a more sophisticated model that includes 
simulation of LF and HF EM fields and EM pressure 
distributions and calculation of free surface shape was 
developed. The model allowed to calculate the main 
working parameters of the system, such as inductor 
current strengths and frequencies. Below we present the 
description of the models and the main simulation results. 

Fig. 1. General scheme for the 
proposed floating zone crystal 
growth facility 

119

doi:10.22364/mmp2017.18



2. Simplified model to determine the right test material 
 

Three materials were considered: tin (Sn), aluminum (Al), and copper (Cu). To 
compare them, the LF inductor working parameters which ensure the melt containment were 
determined, and the generated EM power was compared to estimated heat losses from the 
working material.  

A simplified 2D axisymmetric model of the facility with a cylindrical crystal with a 
molten zone in the middle was considered, see Fig. 2. Crystal diameters from 30 mm to 120 
mm were examined. A toroidal LF inductor with triangular cross section was modeled with 
stranded coil approximation. The frequency was chosen so that the skin-layer depth did not 
exceed 40% of the crystal radius. 

 

 

The pressure on the free surface was estimated from the distribution of the tangential 

magnetic field component on the free melt surface, ).4/( 0

2 BpEM   The inductor current 

strength was set such that the pressure difference between the bottom and top points were 
equal to .gh  

The heat losses due to diffusion in the crystal was estimated as 
),2/)/(()(2 0 hLTTSQ asolcrossends    where crossS  and sol  are the crystal cross section area 

and heat conductivity, 0T  is the melting point, and aT  is temperature at the crystal ends. The 

radiation losses were estimated as ),( 44
avSBsiderad TTSQ    where sideS  is side surface area, 

SB  is the Stefan-Boltzmann constant, and   is surface emissivity, and 0TTv   is for the melt, 

and 2/)( 0 av TTT   is for the crystal. In general, radiation losses were small due high metal 

conductivity. Tab. 1 shows that the best material for the test facility is Al due to its low 
density.  

A series of similar simulations for Ge were also carried out, but with some 
modifications. The heat losses were modeled via 1D heat transfer model to take into account 

sol  temperature dependence, see Tab. 2. The melt zone height was assumed to be equal to the 

crystal radius. Initial simulations have shown that the LF inductor produced too much power, 
so two additional coils with opposite wiring direction were introduced. These two coils helped 
to reduce the magnetic field in the crystal and the generated EM power. Another improvement 
was a ferromagnetic shield around the HF inductor, which also allowed to reduce the 
generated LF EM power. 

      

Fig. 2. A simplified model of the test facility. Left: applied dimensions; right: example of a 
calculated distribution of rA  for a 60 mm Sn crystal. Simulations carried out with a free 

finite element program FEMM 
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Despite these improvements, the generated LF EM power remains high (~50-58% of 
the heat losses). This might create significant problems in controlling the melting process, so 
further optimization of the LF inductor is needed.s 

 

 
 
3. Modeling free surface shape and facility working parameters 
 
3.1. Low-frequency EM field model 

To better determine the working 
parameters of the test system, a 2D axisymmetric, 
quasi-steady state model was developed, in which 
the free surface shape changes were also modeled. 
30 mm Al crystal was considered. The geometry 
of the LF inductor is now modeled more 
precisely. 6 mm diameter tubes, placed 8 mm 
from each other, were used for the main inductor 
coil as well as for the two coils with the opposite 
wiring, see Fig. 3.  

The ferromagnetic shield was also 
modeled. The main reason for its use is to reduce 
the HF inductor influence on the LF inductor. Its 
side thickness was set to 10 mm to reduce the 
magnetic field concentration in it below 0.4 T. 
The shield is used both in the HF and LF 
simulations with the same 18  value. 

An equation for the azimuthal component of the magnetic vector potential is solved: 

,
1

0
sjeAieA










  


     (3.1) 

Tab. 1. Applied material properties in simplified LF inductor simulations and obtained 
simulation results. In Sn 120 mm simulation, the inductor height was increased by 5 mm 
Parameter Sn, 60 mm Sn, 120 mm Al, 30 mm Cu, 30 mm Ge, 200 mm 

liq , MS/m 2.78 2.78 4.13 4.76 1.587 

sol , MS/m 4.48 4.48 9.28 9.83 0.083 

sol , W/(m ∙ K) 66.8 66.8 211.13 329.4 )(T  

solliq  /  0.5/0.05 0.5/0.05 0.15/0.06 0.15/0.05 0.2/0.55 

liq , kg/m3 6990 6990 2375 7955 5570 

0T , K 505.08 505.08 933.47 1257.77 1211.4 

Frequency, Hz 150 150 1500 1500 100 
Heat losses, W 721 2845 1618 4212 9267 
EM power, W 709 2390 414 1399 5482 
Ratio 0.98 0.84 0.26 0.33 0.58 
 
Tab. 2. Heat conductivity for germanium as it was used in the simulations 

T , K 250 300 350 400 500 600 800 1000 1200 

sol , W/(m ∙ K) 74.9 59.9 49.5 43.2 33.8 27.3 19.8 17.4 17.4 

 

Fig. 3. Geometry of the modeled system 
in LF EM simulations. The HF inductor 
is modeled in a separate HF EM field 
simulation 
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where sj


 represents the current density in the inductor coils (the stranded coil model). 1500 

Hz frequency is used in the simulations. 
The pressure distribution in the melt is calculated from the potential part of the EM 

force acting on the melt, and the EM power density distribution is calculated from the current 
density distribution: 

,
4 0

2

, 

B
p LFEM



  .
2

|| 2

, 
j

q LFEM



      (3.2) 

 
3.2. High-frequency EM field model 

750 kHz frequency is used for the HF inductor. At this frequency, the skin-layer depth 
in Al and Cu is much smaller than the geometric dimensions of the growth facility parts, so 
the equation for A  is solved only for the air: 

,0
1

0









 

eA


       (3.3) 

Zero boundary condition was applied on the Al surface, 1rA  was applied on the HF 

inductor coil. Individual boundary conditions iarA   are applied to the LF inductor tube 

boundaries. Values ia  are chosen so that the total HF current strength iI  in a wire i were 

equal to zero. 
The EM pressure distribution on the free surface and the EM power density 

distribution on all surface is calculated according to formulas of the 1D skin-layer model: 
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 i
q
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p LFEMLFEM



       (3.4) 

where i


 denotes surface current density, and   is the skin-layer depth. After that the pressure 
and power density distributions are scaled to make a total generated EM power equal to 1300 
W. Since the LF inductor induces additional ∼200-300 W, the total induced power is 
approximately equal to the heat losses from the working material. 
 
3.3. Free surface model 

A stationary free surface shape is calculated by requiring that sum of all forces acting 
on any of its points is zero: 

,0)( 0max  pzzgpp liqEM        (3.5) 

where p  is surface tension pressure, EMp is the total EM pressure, z  is the vertical 

coordinate, and 0p  is a constant term that characterizes general melt compression. The free 

surface shape is obtained iteratively. First, pressure discrepancies ip  are calculated for each 

free surface node: 
,)( 0max,, pzzgppp liqiEMii        (3.6) 

Surface nodes are shifted in the radial direction, ,ii pcr   where c  is some constant. Also, 

the surface tension term is linearized against the node shifts: 

.,0
,, j

j

i
ii r

r

p
pp 




 
         (3.7) 
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When these two expressions are inserted into the pressure discrepancy expression, a 
system of linear algebraic equations for the shifts is obtained: .0cpBrAr ijiji   The 

solution for this system is linear expressions for the shifts in the form: iii BpAr  0 .   

The unknown 0p  is obtained by requiring that the melt volume is kept constant. 

Assuming homogeneous vertical spacing between the surface nodes and horizontal 
crystallization interfaces, the melt volume can be calculated as  ,3/ 2

11
2   iiii rrrrzV   

where summation occurs over all segments. Inserting the expression for the node shifts into 
produces a quadratic equation .0

2
0 CBpApV   One root of this equation gives a physical 

meaningful surface shape. 
 

3.4. Numerical implementation of the model and simulation results 
The EM field models are solved with a free finite element program getdp [1]. 

Triangular meshes for EM field simulations were generated with a free mesh generation 
program gmsh, [2]. The iterative procedure for obtaining the free surface was implemented in 
a python language script. Fig. 4 shows a block scheme of the implemented algorithm. 

Fig. 4 also shows the calculated free surface shapes for different LF inductor current 
strengths and an example of calculated LF EM field and pressure distribution. Fig. 5 shows 
some of the calculated dependencies of the system parameters. For example, one can see that 
the LF inductor current should be change by up to 20% in order to change the meniscus angle 
at triple points and control the crystal growth. The induced LF EM power increases by 60 W 
in the process, which constitutes only 4% of the total power. The HF inductor parameters 
remain almost unaffected; the HF inductor current changes just by 3%. 

A transient version of the model is being developed. It will include heat transfer 
simulations to model correctly crystal melting and crystallization interface shapes. When 
development of such model is finished, it will allow to model the stability of the molten zone 
form and therefore the applicability of the proposed crystal growth method for Ge purification. 
 

Conclusions 
 

Simplified heat transfer and EM power simulations have shown that aluminum is the 
best suitable material for a test implementation of a floating zone crystal growth facility in 

    

Fig. 4. Left: block scheme of the simulation algorithm. Middle: calculated free surface 
shapes for different LF inductor current strengths. Right: example of LF simulation results, 
real part of LF magnetic field and EM pressure in the melt 
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which the melt zone is held by EM field pressure. It was shown that the proposed facility 
could be used for germanium; however, a considerable optimization of the facility must be 
carried out. 

A more complex model for the free surface shape simulation was also developed. The 
model allows to determine the basic working parameters of the facility, such as LF and HF 
inductor current strengths. 
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Detection of Trace Copper Impurities in Silicon Using Low-

temperature FTIR-spectroscopy 
 

G. Chikvaidze, A. Kravtsov 

 

Abstract 

 

 Production of high-purity silicon polycrystals for the subsequent growth of single 

crystals by FZ method, firstly, is associated with an increase in the duration of the Siemens 

process by a factor of 2-4, besides there are no rods with a diameter of more than 180 mm on 

the market, which restrain the development of FZ technology. An alternative is the process of 

electron beam melting. The plasma discharge from which the electron beam is formed burns 

in a volume limited by copper and aluminium parts. Aluminium in silicon is determined by 

standard FTIR-spectrometry method, but the analytical control of copper concentrations till 

the ppta levels is not developed. Copper impurities deteriorate the performance and quality of 

silicon-based electronic devices. We show the possibility of determining the presence of 

copper impurities in silicon single crystals using low-temperature FTIR spectroscopy. The 

experiments were carried out using Vertex 80v FTIR spectrometer (Bruker, Germany). During 

the measurements, the samples were in a helium vacuum cryostat at a temperature of 7K and 

they were irradiated with light with an energy of >1.1 eV. The copper line was found 

experimentally in the spectral region predicted by theoretical calculations. Calibration curve 

was constructed for the dependence of copper concentration on the integral absorption of 

copper band. The developed method allows to determine the copper content in silicon up to 

ppta, which is impossible for other analytical methods. 
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Modelling of Granule Filling in Wall Gap for Estimation of Role 

of Thermal Convection 

 

V. Geža, A. Jakovičs, S. Gendelis, I. Usiļonoks 

 
Abstract 

 

Development of new, more efficient thermal insulation materials is a key to reduction 

of heat losses and contribution to greenhouse gas emissions. New materials – Izoprok and 

Izopearl – are developed by Thermeko LLC. In this research a modelling approach is developed 

for evaluation of spatial distribution of disperse insulation material. Computational fluid 

dynamics approach is also used to estimate role of different heat transfer phenomena in such 

porous mixture. Modelling results show that thermal convection plays small role in heat transfer 

despite large fraction of air within material pores. 

 

Introduction 

 

 Development of new materials for building is global tendency nowadays, but they 

require careful research before coming to market. Two disperse materials – Izoprok and 

Izopearl – are developed by Thermeko LLC. Research of such materials is usually done 

experimentally, and very few numerical researches are seen in literature. Most simulations 

involving heat transfer in granular media exclude heat convection and conduction in air [1]. 

This research tackles hard problem – combination of discrete element method (DEM) 

with finite element method (FEM). Main idea is creation of FEM mesh on distribution of 

discrete particles obtained with DEM. Main goal of this paper is determining ratio of different 

heat transfer mechanisms within these novel materials. 

 

1. Investigated materials 

 

Polystyrene is widely used insulation material, with 

polystyrene products accounting for 14% of polymeric 

materials used in constructions. In [2] different wall cavity 

insulation materials are shown, but all of those made of 

polystyrene have heat conductivity 0.034 W/(m∙K) and above. 

Izopearl is granular material (Fig. 1) made of 

Polysyrene. Izopearl granules are produced as material for 

filling voids in constructions, for double walls with air gap 

between them with thickness about 2-6 cm. Experimental 

results show that these granules have thermal conductivity 

below 0.032 W/(m∙K). Izoprok is porous thermowool (small 

flakes in Fig. 1) in the form of flakes or slabs. Izoprok in the 

form of flakes is prepared, to blow under pressure in a 

specially prepared cavity in the wall, roof, or ceiling of a 

building or in a sandwich panel.  

  

Fig. 1. Izopearl granules with 

small fraction (12 % weight) 

of Izoprok 
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2. Mathematical modelling 

 

2.1. Model for granule filling and simulation results 

 For proper simulation of heat transfer effects in granular structure, proper distribution 

of granules is necessary. Theoretical ellipsoid packing with fill factor 0.753 [3] is improbable 

in nature, therefore it would underestimate void fraction and consequently also underrate role 

of convection.  

Simulation of granule dynamics was performed using LAMMPS software with 

Hookean force between granules which become in contact [4]: 

 

𝐹 = 𝑘𝑛𝛿�⃗� 𝑖𝑗 − 𝑚𝛾𝑛𝑣 𝑛 − 𝑘𝑡Δ𝑠 𝑡 − 𝑚𝛾𝑡𝑣 𝑡.       (2.1) 

 

Here δ is overlap distance between two particles, kn – elastic constant of normal contact, kt - 

elastic constant of tangential contact, γn – viscoelastic damping constant for normal contact, γt 

– viscoelastic damping constant for tangential contact, v – relative velocity of the 2 granules, n 

– unit vector along the line connecting 2 granules, Δs – tangential displacement vector between 

two particles. Simulation is done by tracking every single particle and its interaction with 

neighbour particles. 

To obtain proper distribution of ellipsoids in wall, a model was created, where granules 

were filled in rectangular prism with size 2 cm × 7 cm × 25 cm. Granules were inserted in 

domain from top and three insertion velocities were used 0 m/s, 0.5 m/s, 1.0 m/s. At the end of 

simulation, volume was filled with 18000 granules. Fig. 2 shows granule filling dynamics for 

case with 0 m/s insertion velocity. 

Results of filling calculation showed insignificant dependence of fill factor on granule 

insertion velocity. These results are summarized in Tab. 1. These values are in good agreement 

with measurements of granule fill factor which was obtained experimentally using water 

displacement method – 0.63. 

 

 

Fig. 2. Granule filling dynamics at different time from beginning of filling. From left to right - 

0.6s, 3s, 6s, 12s 
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Tab. 1. Fill factor in filling simulations with different insertion velocity 

Insertion velocity, m/s 0 0.5 1.0 

Fill factor 0.629 0.641 0.643 

 

2.2. Heat transfer model and simulation results in local model with resolved granules  

Distribution of granules was taken from filling model and transferred to finite element 

simulation platform ANSYS. Distribution of heat in finite element model is calculated for heat 

transfer equation 

 

𝜌𝑐𝑝 [
𝜕𝑇

𝜕𝑡
+ ∇(𝑇�⃗� )] = 𝜆∆𝑇.         (2.2) 

  

 In liquid and gaseous domains this equation is strongly coupled with fluid flow which 

is described by Navier-Stokes equation 

 

 
𝜕�⃗⃗� 

𝜕𝑡
+ (�⃗� ∙ 𝛻)�⃗� +

1

𝜌
𝛻𝑝 − 𝜈𝛻2�⃗� = 𝑔 .       (2.3) 

 
Model also took into account Monte Carlo radiation heat transfer model from ANSYS CFX 

software. Model consisted of 10M finite elements, which were required to resolve all contact 

zones between individual granules. 

 

Fig. 3. Computational mesh with resolved granules. Sides where constant temperature was 

applied are shown 

 

 First task is determination of thermal conductivity of Izopearl granules λgranule. One has 

to distinguish between thermal conductivity of Izopearl material λIzopearl and λgranule. First is 

thermal conductivity of material as it is filled in building construction, with air gaps between 

granules. Second is local value of granule material, which will be input in FEM model for 

granule thermal conductivity. To determine λgranule, a model was created, where constant 

temperature difference 10 ºC was applied between two sides of calculation box (Fig. 3), and 

λgranule was varied between 0.02 and 0.1 W/(m∙K). Heat flux was calculated on side, and 

corresponding effective thermal conductivity was estimated. This model also includes radiation 

heat transfer with emissivity of granules 0.6 (measured in our laboratory). 
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Another approach was analytical, where thermal conductivity of Izopearl was calculated 

by formula 

 

𝜆𝐼𝑧𝑜𝑃𝑟𝑜𝑘 = 𝜂𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝜆𝑔𝑟𝑎𝑛𝑢𝑙𝑒 + 𝜂𝑎𝑖𝑟𝜆𝑎𝑖𝑟.       (2.4) 

 

Results (Fig. 4) show that difference between calculated and analytical is below 0.001 W/(m∙K) 

for all λgranule values below 0.026. For higher values, discrepancies are large and therefore 

analytical model cannot be used.  Such difference is explained with influence of radiation heat 

transfer. For λgranule=0.033 W/(m∙K) expected value of Izopearl thermal conductivity is found 

(0.0315 W/(m∙K)). This value for granules will be used in further calculations. 

 Radiation heat transfer plays important role in overall thermal conductivity of Izoprok 

material. Simulations show that most part of heat transfer is conduction heat transfer in air and 

granules, and it makes 96.4 %. Radiation transfers 3.4%, and convection transfers less than 

0.2%. It is important to note, 

that convection transfer 

influence could be even less, 

because equation systems for 

transfer in solid material and 

material with gaseous phase 

differ significantly and this 

value is close to precision 

border of model. 

 Influence of radiation is 

well depicted in Fig. 5Fig. 

Without radiative heat transfer, 

conductivity of Izoprok material 

would be only 29.7 mW/(m∙K). 

This value is close to analytical 

value 29.2 mW/(m∙K).  

 These facts help 

explaining thermal conductivity 

of mixture. In experiments it 

was found that is smaller than of 

Izoprok and Izopearl. Filling of 

voids between Izopearl granules 

with Izoprok reduces influence 

of radiation, because of 

reflective Izoprok filaments. 

 

2.3. Estimation of convection 

for real scale objects 

 Previous simulations 

concentrated only on small 

piece of real size object filled 

with IzoPearl material. Direct calculation of larger objects is limited due to computational 

requirements for resolving individual granules. Therefore for real scale objects another 

approach is necessary. 

Wall filled with granules can be treated as porous domain, where flow is described using 

Darcy’s law 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.02 0.04 0.06 0.08 0.1

λ I
zo

p
ea

rl
, W

/(
m

∙K
)

λgranule, W/(m∙K)

Analytical

Calculated

0.0295

0.03

0.0305

0.031

0.0315

0.032

0.0325

0.033

0.0335

0 0.2 0.4 0.6 0.8 1

λ,
 W

/(
m

∙K
)

emissivity, -

Fig. 4. Calculated thermal conductivity of Izopearl 

Fig. 5. Dependency of thermal conductivity on emissivity 

of granules 

130



 

𝑄 = −𝜅
𝐴

𝜇

Δ𝑝

𝐿
.           (2.5)

  

Here Q – flow rate, µ - dynamic viscosity, A – cross sectional area, Δp – pressure drop along 

length L, κ – permeability of porous media. Unknown parameter for simulations is permeability 

of porous media. It can be estimated with previously developed model with resolved granules. 

Darcy’s law was used to calculate permeability from simulation data (Q and Δp). Resulting 

permeability is 2.5∙10-9 m2. Porous flow simulations were applied to wall cavity filled with 

Izopearl, cavity dimensions 4 cm (thickness) × 1.5m (width) × 2m (height). Gravity is set along 

the side with 2m length.  

 Fig. 6 shows influence 

of convective heat transfer (in 

percentage) for different 

temperature differences on wall 

sides. It is visible, that for 

realistic temperature 

differences (below 10 ºC), role 

of convective heat transfer is 

below 0.03%. It is less than 

predicted by resolved model. 

Although it was already 

mentioned that such value is 

close to model precision, lower 

influence in case of large scale 

model can be explained with 

different convection characters 

in both models. In small scale 

model boundary constraints 

created convective vortex 

which transferred heat from 

one wall to another. In large 

scale model convection moves 

all the way along warm wall up 

and then all the way down on 

the cold side. For such low 

calculated gas velocities 

(maximal velocity ≈100µm/s 

for realistic scales) convection 

is unable to create significant 

increase in heat transfer. 

 

 

2.4. Relevant experimental results 

 In experimental findings there are several important results, which are important for 

understanding numerical results. Here only most relevant result will be shown – decrease of 

heat transfer for mixture of both materials.  

Fig. 7 shows thermal conductivity for mixtures with Izoprok volume fraction η between 

0 and 1 at 10ºC. Volume fraction η is defined as 
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𝜂 =
𝑉𝐼𝑧𝑜𝑃𝑟𝑜𝑘

𝑉𝐼𝑧𝑜𝑃𝑟𝑜𝑘+𝑉𝐼𝑧𝑜𝑃𝑒𝑎𝑟𝑙
.         (2.6) 

 

It is visible how thermal conductivity decreases with increase of Izoprok volume 

fraction until η value of 0.42. At this point, thermal conductivity of 30.2 mW/(m∙K) is obtained. 

Further increase of η lead to increase of thermal conductivity. 

This result can be explained with numerical results that show how radiation heat transfer 

increases with increase of surface emissivity. When voids between granules are filled with 

flakes, there is no radiation heat transfer and heat conductivity is reduced. 

 

Conclusions 

 

Created numerical model allows detailed modelling of heat transfer in granular media 

with taking into account single granules. This model allowed to obtain several significant 

results. Granule filling modelling showed that granule fill factor is about 0.63, which is lower 

than theoretical maximum 0.75. This value is important for proper estimation of voids between 

granules which reduce effective thermal conductivity of material layer. 

Mixtures of Izopearl and Izoprok have lower thermal conductivity value than raw 

materials, and numerical simulations show that it can be connected with reduction of radiation 

heat transfer when Izoprok flakes are filling voids between granules. Another possible reason 

is increased contact resistance between granules and flakes. 

Simulations also showed that main transfer heat transfer mechanism is heat conduction 

(96.6% of total heat transfer), and helped understanding phenomena of heat conductivity 

reduction for mixture of Izopearl and Izoprok. It can be explained with role of radiation heat 

transfer. However, there is still possible that this reduction is also connected with increasing 

contact resistance, but this effect could not be accounted for in this model.  
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Processing of Pellets 
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Abstract 

 

Combustion dynamics of wheat straw mixtures with wood or with peat pellets is 

studied experimentally with the aim to provide a more effective application of wheat straw for 

heat energy production. Microwave pre-processing of pellets is used to activate their thermal 

decomposition and thus enhance the release and thermo-chemical conversion of combustible 

volatiles. Results of the complex measurements of the main flame characteristics and 

composition of the products show that the enhanced thermal decomposition of pellets 

provides improvement of the combustion conditions in the flame reaction zone completing 

thus the combustion of volatiles, increasing the flame temperature, the heat output from the 

device and energy efficiency and decreasing at the same time the mass fraction of unburned 

volatiles in the products. 

 

Introduction 

 The EU Energy Policy Strategy, which complies with the Kyoto Protocol, prescribes 

the increased use of cleaner renewable energy sources, partially replacing the fossil fuels with 

the second generation fuel – wood and agriculture residues [1]. Growing demand for 

application of agriculture residues for energy production stimulates the production of different 

types of straw pellets (rape, rice, wheat), which have been known as a more problematic fuel 

if compared with wood because of the lower heating values (LHV, HHV), higher nitrogen and 

ash contents in biomass. For that reason, there is a necessity to improve the main combustion 

characteristics and composition of emission [2, 3]. In order to ensure the wider use of straw 

for energy production, the co-combustion of straw with renewable or fossil fuels may be used 

to reduce greenhouse gas emissions during the heat energy production and to improve the 

main combustion characteristics and the composition of emissions [4]. Further improvement 

of the combustion characteristics and composition of emissions if straw is used as a fuel, can 

be achieved using microwave (mw) pre-processed straw pellets that reduces the content of 

physically bounded water and partially decomposes hemicelluloses, cellulose and lignin, thus 

reducing the hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) content in biomass 

pellets while increasing their calorific value [5-7]. Actually, it has been demonstrated that 

mw-pretreatment is an interesting and efficient alternative for biomass conversion to high 

quality biofuels [8-10]. 

The results of previous research showed that the microwave pretreatment of biomass 

pellets could enhance the thermal decomposition of biomass pellets with a faster and more 

complete thermo-chemical conversion. The main aim of the current study is to provide a more 

efficient use of wheat straw for energy production by co-combusting straw with wood or with 

peat pellets and assuring in this way additional improvement of the energy properties of straw 

pellets at their mw pre-processing. The influence of mw pre-processing of straw pellets on the 
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development of combustion dynamics at thermo-chemical conversion of the activated straw 

mixture with wood or with peat pellets is estimated and analyzed. 

 

1. Experimental 

 

 The effects of mw pre-processing of the mixture components (wheat straw mixtures 

with wood or with peat pellets) on the gasification/combustion characteristics were studied 

using a pilot device with a heat output up to 2 kW, which combines a biomass gasifier filled 

with biomass pellets and the water-cooled sections of the combustor [4]. The experiments 

were carried out using mixtures of straw with wood or with peat pellets, where the straw mass 

load in the mixture was 30%. To provide activation of the straw thermal decomposition, the 

straw pellets were pre-processed in a microwave oven at the frequency ν = 2.45 GHz during t 

= 180 s on the average. The gasification/combustion characteristics were studied 

experimentally with the primary air (q1) supplied below the biomass layer at the average rate 

q1 = 20 l/min to sustain the thermal decomposition of the biomass mixture and the formation 

of combustible the volatiles (CO, H2). The secondary swirling air flow was supplied at the 

bottom of the combustor at the average rate q2 = 30 l/min to sustain the burnout of the 

volatiles downstream the combustor. A propane flame flow was supplied into the upper part 

of the biomass layer to initiate the thermal decomposition of the biomass pellets and it was 

turned off after the ignition of the volatiles (t = 360 s). To assess the influence of the straw 

pre-processing on the development of the main gasification/combustion characteristics at 

thermo-chemical conversion of activated mixtures, the experimental study involved complex 

time-dependent measurements of the mixture weight loss as well as of the composition of 

released volatiles entering the combustor, the flame temperature, the heat output from the 

device and the composition of the products. The FTIR spectrum analysis in the mid-IR range 

assisted in measuring the composition of the volatiles entering the combustor. Pt-Pt/Rh 

thermocouples were used to measure the flame temperature with data online registration by a 

Pico logger. To revalue the influence of the straw pre-processing on the heat output of the 

device, calorimetric measurements of the cooling water flow were made using thermo sensors 

AD590 with online data registration by a Data Translation DT9800 series plate. The 

composition of the products and the combustion efficiency were measured using a Testo 350 

gas analyzer. The biomass weight loss rate was estimated from the measurements of the height 

of the biomass layer in the gasifier by a moving rod with a pointer. Online data registration of 

the main gasification/combustion characteristics was made once per second.  

 

2. Results and discussion 

  

 The microwave pre-processing of straw pellets starts with the removal of the 

physically bounded water and it is followed by the changes in biomass chemical composition 

due to the appearance of hot spots, which initiates the breakdown of the glycosidic structure of 

polysaccharides into smaller fragments, reducing the crystallinity of cellulose and providing 

carbonization of the cell wall structure [6-10]. The changes in structure at the mw pre-

processing of straw pellets are responsible for the enhanced thermo-chemical conversion of 

the mw-activated wheat straw pellets and their mixtures with wood and with peat pellets, thus 

increasing the weight loss at their thermo-chemical conversion. The thermo-chemical 

conversion of the activated straw pellets gives evidence of an increase of the average weight 

loss rate from 0.1 g/s to 0.12 g/s (by about 20%), with the formation of two sharp peaks in the 

time-dependent variations of the weight loss rates (Fig. 1-a), which refers to the primary stage 

of flaming combustion of volatiles (t ≈ 700-900 s) and to the end stage of char conversion (t ≈ 
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1000-1350 s). The DTG analysis of the unprocessed wheat straw pellets showed the formation 

of a sharp weight loss peak at T ≈ 570 K, which can be related to the thermal decomposition 

of hemicelluloses and cellulose, and of a less pronounced peak at around 690 K, which can be 

related to the char formation and conversion [4]. Hence, the results of the DTG analysis of the 

wheat straw thermal decomposition suggest that the mw pre-processing of straw pellets results 

in enhanced thermal decomposition of hemicelluloses and cellulose during the primary stage 

of self-sustaining thermal decomposition of straw pellets and flaming combustion of volatiles 

with a more pronounced weight loss during the final stage of char conversion. The activation 

of the thermal decomposition of the mw pre-processed straw pellets make an influence to the 

combustion process of wood and peat pellets. The average weight loss of the activated straw-

wood pellet mixture with the 30% straw mass load increases from 0.11 g/s to 0.127 g/s 

(≈15.5%), whereas the average weight loss of the activated straw-peat pellet mixture increases 

from 0.094 g/s up to 0.116 g/s (≈23.4%) (Fig. 1-b,c). 

 
Fig. 1. Effect of mw pre-processing of wheat straw 

pellets on the weight loss rates at thermo-chemical 

conversion of straw (a) and of mixtures of straw 

with wood (b) and with peat (c) pellets 

 

The FTIR measurements of the 

spectrum of the volatiles produced at the 

enhanced thermal decomposition of the 

mixtures showed that the mw pre-processing of 

straw provides an enhanced release of the 

combustible volatiles (H2, CO, CxHy) (Fig. 2-

a,b). When comparing the kinetics of the 

formation of volatiles for the activated 

mixtures of straw with wood or with peat 

pellets, one can see a difference in time-

dependent variations of the formation of 

combustible volatiles at the thermal decomposition of wood and peat pellets. The mw pre-

processing of straw pellets resulted in enhanced release of CO at the primary stage of thermal 

decomposition (t < 800-1000 s), whereas the peat pellets demonstrated the enhanced release 

of CO at the final stage of char conversion. 

With the unchanging primary and secondary air supply rates into the device, the 

thermo-chemical conversion of the unprocessed straw mixtures with wood or with peat pellets 
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develops with the average air excess ratio in the flame reaction zone at about α ≈ 1.6-1.7. The 

enhanced thermal decomposition of the activated straw mixture with wood pellets promotes 

the enhanced mass flow of combustible volatiles into the combustor that leads to the variation 

in fuel supply, thus decreasing the average air excess ratio in the flame reaction zone from α ≈ 

1.7 to α ≈ 1.4 (Fig. 3-a). When combusting a mixture of activated straw with peat pellets, the 

average air excess ratio decreases from α ≈ 1.65 to α≈1.35 demonstrating improvement of the 

combustion conditions, which results in faster and more complete combustion of volatiles 

leading to the increase of the peak and average values of the heat output from the flame 

reaction zone and produced heat energy per weight of burned mixture (Fig. 3-b). 

At the thermo-chemical conversion of the mixture of activated straw-wood pellets the 

average heat output from the reaction zone increased by ~25% with the increase of the total 

heat output from the device by ~12%. The heat output from the reaction zone for the activated 

straw-peat pellet mixture grew by ~13% with the correlating increase of the total heat output 

from the device by ~20% and of the produced heat energy per mass of burned mixture by 

~6%, which confirms that the mw activation of straw pellets results in more complete thermo-

chemical conversion of the mixture. 

Fig. 2. Effect of mw pre-processing of wheat straw pellets on the release of combustible volatiles 

(CO) at thermo chemical conversion of activated straw mixtures with wood (a) and with peat (b) 

pellets 
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 Finally, it should be noted that the activation of the thermal decomposition of mixtures 

enhances the composition variations of the emission gas (Fig. 4-a,c). With the activated 

thermal decomposition of the mixture of straw with wood, the average value of the CO2 

volumes fraction in the products increased by ~2%, whereas for the mixture of straw with peat 

by ~2.2%. In addition, the co-combustion of straw with wood results in decrease of the 

average values of the polluting NOx emissions from 214 ppm to 190 ppm (by ~10%), whereas 

a slight growth of the NOx emission in the products (by ~5%) was observed for the mixture of 

straw with peat, which predominately can be related to the higher nitrogen content in the peat 

pellets (1.14%) in comparison with straw (1.01%). 

Fig. 4. Effect of wheat straw pellets mw pre-processing on greenhouse carbon (CO2) (a, c) and 

polluting NOx emission (b, d) at thermo-chemical conversion of activated straw mixtures with wood 

(a, b) and with peat (c, d) pellets 

 

Conclusions 

 

The co-combustion of straw with wood or with peat pellets, with the 30% straw mass 

load in the mixture, was studied experimentally to provide a wider use of straw as a fuel with 

a more complete thermo-chemical conversion of pellets, increased heat output from the device 

and reduced polluting NOx emission in the products if compared with the thermo-chemical 

conversion of straw. 

Additional improvement of the combustion conditions and composition of emissions is 

achieved by mw pre-processing of straw pellets. The activation of straw pellets by mw pre-

processing provides enhanced thermal decomposition of the activated straw mixtures with 

wood and with peat pellets promoting enhanced release and more complete thermo-chemical 

conversion of the combustible volatiles (CO, H2) and thus increasing the heat output from the 
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device by about 30% at the co-combustion of straw with wood, but with a less pronounced 

increase of the heat output (by about 8%) at the co-combustion of activated straw with peat. 

The enhanced release and more complete thermo-chemical conversion of volatiles 

result in increase of the average value of the carbon-neutral CO2 volume fraction in the 

products by about 2-2.2%. The thermo-chemical conversion of the activated straw mixture 

with wood pellets leads to reduction of the mass fraction of polluting NOx emissions in the 

products by about 10%, with a slight increase (by about 5%) of NOx emissions at the thermo-

chemical conversion of the activated straw mixture with peat, which is the main negative 

result when co-combusting straw with peat. 
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Abstract 

 

 The present paper is dedicated to the investigation of Marangoni and Lorentz forces in 

a rapid heating process. During the melting of aluminum-silicon (AlSi) layer on the bor-

manganese steel 22MnB5, the liquid AlSi is shifting from the middle to the side and leaves 

dry spots on the steel due to a combination of both forces. In order to solve this process design 

issue, the impact of each force in the process will be evaluated. Evaluation is carried out using 

experimental data and numerical simulation. 
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Abstract 

 

 Float Zone growth of silicon crystals is known as the method for providing excellent 

material properties. Basic principle of this method is the radiofrequency induction heating, 

main aspects of this method will be discussed in this article.  In contrast to other methods, one 

of the advantages of the Float Zone method is the possibility for in-situ doping via gas phase. 

Experimental results on this topic will be shown and discussed.  

 

1. Introduction 

 

For silicon mono-

crystals, the Float Zone (FZ) 

technique provides material of 

maximum quality [1–3]. 

Compared to the Czochralski 

(Cz) method, the only 

alternative for silicon single 

crystal growth, the Float Zone 

material is 2 to 3 order of 

magnitude lower in oxygen [4] 

and shows lower levels of 

metallic impurities since it is a 

truly crucible-free technique. 

The silicon is molten by a  

radio-frequency inductor 

placed near the feed rod [5, 6]. 

FZ silicon is the material of 

choice for power electronics 

like thyristors, insulated-gate 

bipolar transistors (IGBT) or 

any application where oxygen 

would lower the performance. 

Today, the standard diameter 

is 4” to 6”, but 2” or 3” are 

available as well on the market. Due to physical limitations the maximum diameter is of about 

8”. Only a few companies world-wide are able to process near this limit. 

In the following, important aspects on the basic principle of the FZ technique, i.e. the 

radiofrequency induction heating, will be discussed. Using the FZ method offers the 

 

Fig. 1. Cross sectional view of the Float-Zone Process. The 

mono crystal and the feed rod are rotating in opposite 

directions. The silicon melt flows as a thin film along the 

bottom side of the feed rod and forms a liquid bridge with 

the melt lake on top of the growing ingot 
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possibility for in-situ doping via gas-phase. In contrast to other growth methods, uniform axial 

doping profiles can be produced. Experimental results together with theoretical considerations 

will be shown.  

 

2. Experimental setup 

 

The experimental arrangement is shown in Fig.1. The setup is rather simple but the 

requirements for the mechanical stiffness, the quality and stability of the rf-generator and the 

accuracy and smoothness of the pulling spindles are very high since the process is very 

sensitive to vibrations or any sudden impacts. In addition, the specification for the feed rod 

material is significantly more vigorous than for any other growth techniques [4]. 

For the experiments, two different Float Zone machines have been used; a smaller one 

(FZ-14, PVA TePla) for ingots up to 4” and a large one (FZ-35, PVA TePla) for ingots up to 

6”. For diameters larger than 4” the argon inert gas pressure must be increased, our machine 

can handle an overpressure of 5 bar. According to the Paschen law, the overpressure reduces 

the risk of argon ionization caused by the high frequency current. Argon ionization is a serious 

problem and is one of the limitations for larger diameters. 

 

2.1. Radiofrequency Induction Heating 

The inductive heating of the silicon feedrod is done with a flat (“pancake”) coil with 

one convolution. It is also referred as “needle eye” inductor, since the inner hole diameter is 

much smaller than the source rod and the crystal. The radiofrequency current flows with a 

frequency of 2,5 to 3 MHz and heats the surface of the silicon. Heating at lower frequencies (< 

2 MHz) had been analysed, but shows several problems at melting the source rods, mostly the 

formation of solid silicon spikes [5]. 

Due to the skin-effect only a small layer of 270 – 290 µm on the top of the material is 

receiving the impact of the dynamic magnetic field [6]. Eddy currents are generated in this 

layer. The high thermal conductivity of silicon ( ) allows the local heat to spread 

very fast into the bulk material. The skin depth δSk can be calculated by  

 

,        (1) 

 

whereas ρ is the specific resistivity,  the frequency, µrel the relative permittivity (for silicon 

melt 1,2) and  the absolute permittivity. Since the conductivity of Silicon 

depends on the amount of base doping and temperature, a detailed look at different cases is 

necessary. 

At 20 °C, solar grade silicon shows resistivity of ≥ 100 Ωcm, electronic grade silicon which 

comes at even higher purity can reach ≥ 1000 Ωcm of specific resistivity. Heating the silicon 

leads to a rise in conductivity which also has a strong impact on the penetration of the 

electrical field. As shown in Fig. 2 the temperature has to rise over a certain level to reduce 

the penetration depth to a size that correlates with the size of the feed rod. The critical 

temperature is in the range of 600 to 800 °C depending on base doping and size of the 

specimen [7]. 

To reach this temperature a graphite ring is used to preheat the silicon above this threshold 

value. Once molten, the conductivity of silicon remains mainly constant, a small change of 
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about 1% can occur [8] but is negligible for further examinations. The Efficiency of heating is 

influenced by the electromagnetic coupling; this can be improved by the shape of the 

induction coil that follows the melting front as close as possible.  

 

2.2. Doping via Gas Phase 

To influence the 

resistivity during 

crystallization an 

atmosphere of doping gas 

is required. Phosphine and 

Diborane are the most 

common doping gases for 

N and P-type. For efficient 

incorporation the doping 

gas molecules must be in 

contact with the melt so 

they are blown directly on 

the liquid silicon surface. 

To ensure enrichment in 

the melt, the doping gas 

flow must overcome the 

natural convection in the 

process chamber as it is 

shown in Fig. 3. 

Due to the hot 

surface of crystal, source 

rod and the floating zone 

the surrounding argon gas 

is heated up as well and streams 

upwards with maximum velocities 

of more than 1 m/sec in the inner 

hole of the inductor where the gas 

flow is of a tubular nature. A more 

laminar and steady upwards flow 

can be expected on the outer side 

of the cylindrical crystal and 

source rod. Streaming velocity is 

lower in this area. Below the 

surface of the outer part of the 

coil, the gas flow is directed 

radially outwards. Since the 

optimum contact of doping gas 

with the melt surface should be as 

long as possible, the inlet of 

doping gas must be pointed 

against the natural direction of the 

stream, so it can reach the free 

melt surface and stream along it to 

the inner side of the coil and then 

 

Fig. 2. Skin depth depending on used frequency for rf-heating of 

undoped solar silicon with (R = 100 Ωcm at room temperature). The 

Resistivity of silicon drops with raising temperature. Resistivity 

calculated after [7] 

 

Fig. 3. Positioning of doping gas inlet; at a high flow 

velocity the doping gas stream perpendicular to the natural 

convection to the free melt surface then it is taken along 

with the gas flow along the silicon surface through the coil 

hole in an inwards direction, and then outwards along the 

melting front for efficient incorporation 
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along the melting interface over the coil. To maintain this goal, a certain pressure and inlet 

stream velocity is required. Therefore the doping gas gets diluted with argon and is blown 

with an overpressure of ≥ 0,5 bar into the chamber. The flow rate is 200 to 300 ml/min of a 

mixture consisting of 3 l/min argon gas and 10 to 50 ml/min Doping Gas. Since the Doping 

gas is diluted itself in argon at 100 ppm the used gas concentration is ≈ 1 ppm. A small 

diameter of the gas inlet or a nozzle even increases the doping gas inlet flow speed and can 

improve the amount of gas reaching the melt surface. The distance can be reduced as well, but 

to prevent arcing, the nozzle should be of an insulating material, e.g. quartz, that is also 

resistant to the occurring high temperatures from the radiating silicon melt and crystal. 

The setup used at the Fraunhofer CSP consists of a nozzle with 3 mm inner diameter. 

The distance between nozzle and crystal is about 30 mm. The gas outlet is located at the level 

of the crystallization interface and points slightly upwards. 

 

3. Results 

 

3.1. P-type doping with diborane (B2H6) 

Investigations of doping of a 5 inch crystal via gas phase and diborane were conducted. The 

diborane gas flow was enabled after the starting cone of the crystal and set to a value of 50 

ml/l, with an argon flow rate of 2 l/min and an overpressure of 0,5 bar. The resistivity of the 

grown crystal was measured with an eddy current sensor and cross checked via four point 

probe measuring. The crystal position could be determined by assigning it to the lower spindle 

position that is logged during the growth process. 

The specific resistivity at the beginning of the crystal was about 600 Ωcm, an undoped 

source rod was used for crystallization. Immediately after enabling the gas flow a drop in 

resistivity of the crystal to 50 Ωcm is observed. That equals a rise in boron concentration of 

the crystal form 2,2 * 1013 at/cm³ to 2,6 * 1014 at /cm³. As can be seen in Fig. 4 an asymptotic 

drop to 7 Ωcm (equals 1,9*1015 at/cm³) follows. It takes 100 mm of grown crystal length to 

reach this equilibrium state. 

Taking into account the 

incorporated boron atoms in the 

crystal and the amount of boron 

brought into the chamber via gas 

phase the efficiency can be 

calculated to 7,8 %, nearly every 

12th atom of boron is incorporated 

into the melt. The rather low value 

is not surprising, since diborane is 

thermal unstable an starts 

decomposing already at 100 °C [9] 

in hydrogen and other borane 

complexes like B4H10, B5H9, 

B5H11, B10H14 or higher molecular 

solid yellow boron (BH≈1)x [10]. 

After a longer process time, 

elementary boron can be seen as 

dark brown film covering the gas 

nozzle.  

 

 

Fig. 4. P-Type doping via gas phase with diborane and 

resulting change in resistivity of a 5 inch FZ-crystal. (grown 

with 3,0 mm/min) in axial direction. 
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3.2. N-type Doping with phosphene (PH3) 

 Just as the P-type doping, the N-type variation was analyzed at a five inch crystal 

which was grown with a speed of 3 mm/min. The starting cone was grown without doping to 

have a reference. The source rod was different to the first one but undoped as well. It resulted 

in a crystal resistivity of 120 Ωcm (3,6 * 1012 at/cm).  In this experiment the amount of 

phosphene gas flow rate was ramped up in three steps, from 0 to 30, 40 and finally 50 ml/min. 

 The corresponding resistivity measured at 12, 7, and 3 Ωcm (3,7*1014 at/cm³; 6,4*1014 

at/cm³ and1,5*1015 at/cm³). The absorption rate was determined based on this values is 

17,4%, nearly one out of five phosphorus atoms is incorporated in the crystal. Phosphene is 

more thermally stable than Diborane, its decomposition temperature is about 500 °C [11]. 

Better doping efficiency was expected and could be proven. Since the necessary amount of 

dopant atoms in silicon is lower in n-type due to the higher movement speed of the free 

electrons in the crystal lattice, a lower amount of phosphorus is required for the same 

resistivity compared to P-Type. 

 Still, the amount of 

incorporated atoms is low, 

compared to values from 

modelling of a 4 inch process that 

predict a dopant efficiency of up to 

95 % [12]. Reasons for these 

differences might be the 

evaporation of phosphorus due to 

the high partial pressure, and 

variations in the coil design. A 

relatively small inductor hole 

compared to the simulated process 

in [12] might supress the gas flow 

next to the floating zone. The 

dopant concentration in the gas 

flowing along the melting surface 

in the area above the coil might be 

lowered, due to this reason. 

 

Conclusions 

 

In the article we have shown important aspects and considerations on radiofrequency 

induction heating. The temperature dependence of the conductivity of silicon, and its impact 

on the skin depth was discussed. This leads to the requirement of high working frequencies. 

Experiments on gas-phase doping have been carried out, showing a doping efficiency 

of 8% (17%) for diborane (phosphine) in the current experimental setup. The influence of the 

gas-flow on the resistivity has been shown. Theoretical considerations provide the connection 

between gas-flow and desired resistivity.  
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Fig. 5. N-Type doping via gas phase with phosphene and 

resulting change in resistivity of a 5 inch FZ-Crystal (grown 
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Abstract 

 

 The major task for the Lateral-Photovoltage-Scanning-Method is to detect doping 

striations and the shape of the solid-liquid-interface of an indirect semiconductor crystal. This 

method is sensitive to the gradient of the charge carrier density. Attempting to simulate the 

signal generation of the LPS-Method, we are using a three dimensional Finite Volume approach 

for solving the van Roosbroeck equations with COMSOL Multiphysics in a silicon sample. We 

show that the simulated LPS-voltage is directly proportional to the gradient of a given doping 

distribution, which is also the case for the measured LPS-voltage.  

 

Introduction 

 

 Among the methods for crystal growth from the melt there are several techniques where 

the growing crystal is in permanent rotation inside of an inhomogeneous temperature field. For 

the Floating Zone technique this is, above all, caused by the gap in the heating coil. 

Consequently, each point of the melt sees a periodically changing temperature field leading to 

corresponding convection patterns. The additionally fluctuating doping concentration at the 

crystal-melt-interface leads to 3-dimensional concentration profiles roughly in form of a spiral 

staircase. The geometric shape of the 3D profiles follows the shape of the crystal-melt-interface. 

Making a cut through the crystal in growth direction results in a crystal surface with a periodical 

concentration pattern that reveals the growth history of the crystal-melt-interface, which again 

represents a finger print of the individual single crystal. The Lateral-Photovoltage-Scanning-

Method (LPS) is known to be the method of choice for detecting these doping inhomogeneities 

in grown semiconductors, such as silicon [1], germanium [2] and silicon-germanium [3]. 

A first important question is, which local resolution can be achieved with respect to the mean 

free path of the charge carriers. In order to answer this question, a simulation of this 

measurement technique is established using a Finite Volume approach.   

 

1. Experimental 

 

 Fig. 1 shows the measurement setup of the LPS-Method. Here, a modulated laser (𝑓 =
1 kHz, square-wave) is focused (∅ = (10 − 30) µm) on a semiconductor sample and generates 

excess photo carriers. If a dopant gradient exists at that observation point, the generated 

electrons and holes will drift in different directions due to the inner electric field [4]. Hence, a 

local dipole will be generated temporarily. This leads to a potential difference between the 

ohmic rim contacts (𝑈LPS), which can be amplified and detected with respect to the modulation 

frequency. 

The measurement is carried out by changing the focal point of the laser and detecting 

𝑈LPS(𝑥, 𝑦). This signal is known to be proportional to the gradient of the dopant distribution: 

𝑈LPS(𝑥, 𝑦) ∝ ∇x𝑁D
+(𝑥, 𝑦) [1]. 
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Fig. 1. Scheme of the LPS-measurement setup. A modulated laser generates electrons/holes 

locally. If there is a gradient on the doping distribution at the observation point, a voltage 

difference will be detectable at the ohmic rim contacts. This voltage is amplified with respect 

to the modulation frequency 

 

2. Computational Simulation 

 

2.1. Equation System 

 The fundamental equation system for the charge carrier flow and the electrostatic 

potential in a semiconductor structure is named after van Roosbroeck [5]. This system consists 

of three nonlinear coupled partial differential equations for the three physical variables, the 

electrostatic potential 𝚿(𝒓), the densities of electrons 𝑛(𝒓) and of holes 𝑝(𝒓). The potential 

and the charge carrier densities obey the Poisson equation of the electric field, which is in detail:  

 

−∇ ⋅ (ϵ0ϵr ∇𝚿(𝒓)) = q(𝑝(𝒓) − 𝑛(𝒓) + 𝑁D
+ − 𝑁A

−),                                                         (1) 

 

with the vacuum permittivity ϵ0 and relative permittivity ϵr, the elementary charge q, and the 

densities of ionized donors and acceptors 𝑁D
+ and 𝑁A

−. 

The continuity equation for electrons eq. (2) and holes eq. (3) consider both the generation rate 

𝐺(𝒓) and the recombination rate 𝑅(𝒓): 

 
𝜕𝑛

𝜕𝑡
−

1

q
∇ ⋅ 𝒋n(𝒓) = 𝐺(𝒓) − 𝑅(𝒓),                                                                                           (2) 

𝜕𝑝

𝜕𝑡
+

1

q
∇ ⋅ 𝒋p(𝒓) = 𝐺(𝒓) − 𝑅(𝒓).                                                                                           (3) 

 

In the van Roosbroeck equation system eq. (1-3) the current densities are modelled as a sum of 

drift and diffusion currents: 

 

−𝒋n(𝒓) = q[𝜇n𝑛(𝒓)∇Ψ(𝒓) − 𝐷n∇𝑛(𝒓)], 

−𝒋𝑝(𝒓) = q[𝜇p𝑝(𝒓)∇Ψ(𝒓) + 𝐷p∇𝑝(𝒓)]. 
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2.2. Specifications 

For the energy distribution of electrons and holes we choose the Fermi-Dirac statistics, 

hence, the diffusion coefficients of electrons  𝐷n and holes 𝐷p, are related to the mobilities of 

electrons 𝜇n and holes 𝜇p by the generalized Einstein relation 

 

electrons:     
𝐷n

𝜇n
=

kB𝑇

q
𝑔 (

𝑛

𝑁c
), 

holes:             
𝐷p

𝜇p
=

kB𝑇

q
𝑔 (

𝑝

𝑁v
), 

 

where kB is the Boltzmann constant, 𝑇 is the temperature, and 𝑁c and 𝑁v are the conduction 

and valence band density of states, resp., 𝑔 is a nonlinear factor (𝑔 > 1), which considers the 

Fermi-Dirac statistics. 

The generation of electrons and holes are determined by the energy of the incoming laser beam. 

The laser is moved by a velocity 𝑣L along the 𝑥-direction focussed on the surface of the silicon 

sample during time 𝑡. The laser beam intensity profile is assumed to have a Gaussian 

distribution, and the laser spot size is defined according to the traditional definition at which 

the diameter is taken transverse to the beam axis at which the intensity profile falls to 1/e2 

=̂ 13.5 % of the intensity peak [6]. In terms of the Gaussian distribution, the standard deviation 

of the laser intensity in 𝑥 and 𝑦-direction at the surface of the silicon sample is just a quarter of 

the 1/e2-diameter, and we assume them to be identical 𝜎x = 𝜎y = 𝑑1/e2/4 [6]. 

When denoting the peak power of the laser by 𝑃0 and the photon energy by 𝐸ph[Ws] = hc/𝜆  

with 𝜆 as wavelength of the laser beam, h as Planck's constant, and c as light velocity, then 

the total photon flow rate is 𝐼tot = 𝑃0/𝐸ph = 𝑃0𝜆/hc, which still needs to be shaped by the 

two-dimensional Gaussian distribution which itself includes the movement of the laser beam 

in 𝑥-direction. Finally the photon flux is 

 

𝐼F(𝑥, 𝑦, 𝑡) [
1

m2s
] = 𝐼tot

1

2π𝜎x𝜎y
exp [−

(𝑥 − 𝑥0 − 𝑣L𝑡)2

2𝜎x
2

−
(𝑦 − 𝑦0)2

2𝜎y
2

]. 

 

The photon flux impinging at the surface penetrates into the depth of the crystal sample which 

is the (negative) 𝑧-direction. The penetration depth is practically limited due to the absorption 

coefficient 𝐴c [1/m].  Nevertheless, there is a three-dimensional generation rate of electrons 

and holes: 

 

𝐺(𝑥, 𝑦, 𝑧, 𝑡)[1/m3s] = 𝐴c exp[−𝐴c|𝑧|] 𝐼F(𝑥, 𝑦, 𝑡). 
 

We are denoting that the simulations are done for room temperature, neglecting the heating by 

the laser. 

The recombination rate on the right side of eq. (2) and (3) consists of the most common 

processes: the direct  recombination 𝑅Direct, the Shockley-Read-Hall recombination 𝑅SRH, and 

the Auger recombination 𝑅Auger: 

 

𝑅(𝑥, 𝑦, 𝑧, 𝑡) = 𝑅Direct + 𝑅SRH + 𝑅Auger. 

 

Every recombination process is implemented in COMSOL Multiphysics and is realized by 

supplying material dependent recombination rates. 
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Figure 2 illustrates, that all boundaries ΓN of the platelet are electrically isolated except the end-

faces of the silicon sample: one (Γ1) of the two is set to the equilibrium potential, the other is 

established as an ideal ohmic contact with current connection (𝑖Γ2
(𝑡)) to an external circuit. In 

order to detect the voltage change at the end-faces of the platelet, the experimental setup 

includes an internal resistance 𝑅 in an electrical circuit model. 

 

 
Fig.2. Scheme of the modelled electrical circuit and the boundary conditions of the sample Ω

  
2.3. Numerical Procedure 

The computational model was solved by using the software COMSOL Multiphysics V. 

5.2a [7]. We use the ''semiconductor module'' and the ''electrical circuit module''. 

The variables of the semiconductor part are the electric potential, the electron concentration and 

the hole concentration.  The electric circuit part computes voltages and currents. Due to the 

thickness of the silicon platelet we have a 3-dimensional geometry which is meshed by a 

mapped grid (𝑥 − 𝑦-plane) that is swept in 𝑧-direction.  

We held to the standard options of COMSOL for semiconductor problems: the Finite Volume 

Method is the numerical procedure, the numerical stability is reached by applying the 

Scharfetter-Gummel scheme [8].  

 

3. Results and Discussion 

 

The crystal is assumed to have a doping profile of boron or phosphorus, caused by 

segregation 𝑁D,seg, which is characterized by a macroscopic gradient along the sample length 

and local fluctuations. This profile is modelled by the formula: 

 

𝑁D
+ = 𝑁D,seg + 𝑁D,fluct = 𝑁D,0 (1 +

𝑎

𝐿
𝑥 + 𝑏 ⋅ 𝑓(𝑥, 𝑦, 𝑧)),                                              (4) 

 

where 𝑁D,0  is the background level of the dopant concentration, 𝐿 = 2.4 mm is the sample 

length, 𝑥 the length coordinate, 𝑎 a control parameter for setting the macroscopic gradient of 

the dopant profile. The fluctuations of the doping concentration caused by temperature 

inhomogeneities are assumed as sinusoidal and suppressed by the prefactor 𝑏 = 10−5. The 

constant macroscopic gradient of the dopant profile, i.e. the linear behaviour of the profile, is 

assumed due to the small sample length: indeed there is a rather exponential distribution due to 

the segregation of, e.g., phosphorus in the melt during crystal growth. 

The computation of the simulated LPS-voltage is shown in Fig. (3) for different values of the 

control parameter 𝑎 in the time intervall 𝑡 ∈ [0.3 0.4] s. During this, the focus of the laser (𝜎 =
75µm) has moved between 𝑥 ∈ [0.9 1.2] mm (see upper axis).  After a short loading phase of 

electrons and holes (where generation and recombination are not in equilibrium; see the vertical 

line at 𝑡 = 0.3 s after the switch on) the computation yields a nearly constant LPS-voltage for 

each 𝑎-value when time runs. 

152



 

 

Figure (4) shows the proportionality of the simulated LPS-voltage on the gradient of the dopant 

profile 𝑎. Additionally, Fig. (4) reveals an offset of the LPS-voltage for 𝑈Sim|𝑎=0. In that case 

only the sin-shaped dopant fluctuations remain, hence, the offset cannot have physical reasons. 

Therefore, we analysed, whether the offset depends on the model itself. We started to increase 

the sample width (from 𝑤𝑑 = 150 µm) and thickness (from 𝑡ℎ = 2 µm. As shown in Fig. (5), 

enlarging the sample width by a factor of 10 reduces the offset roughly by the same factor, 

however, the reduction of the offset is not a linear function of the sample width. 

 

 

 

The effect of the thickness on the offset is more complicated, see Fig. (6): as long as the sample 

thickness is below the penetration depth (𝑝𝑑 = 15.4 µm), thickness enlargement increases the 

total number of charge carriers and the offset voltage is rising.  But even before reaching the 

saturation of the total number of charge carriers, which may be reached at 𝑡ℎ ≈ 3𝑝𝑑 (95 %), 

the offset decreases. The enlargement from the rather small thickness (𝑡ℎ = 2µm) with 

maximum offset (𝑡ℎmax,off ≈ 9µm) to a thickness of 𝑡ℎ = 200 µm reduces the offset by a 

factor of eight. Because of 𝑡ℎ ≫  𝑝𝑑, the non-reflected energy of the laser is absorbed 

(99.9998 %) by the semiconductor and transmission is highly suppressed. Combining the 

Fig. 5. Behaviour of the offset with respect to 

the width of the simulated sample 

Fig. 3. Result of time-dependent simula-

tions of the LPS-voltage relative to the 

parameter a 

Fig. 4. Dependency of the simulated LPS-

voltages on the gradient parameter a     

Fig. 6. Dependency of the offset from the 

sample thickness. After an increase related to 

the penetration depth of the laser, a 

decreasing trend is visible 
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increased thickness and width of the sample, the offset is reduced by a factor of 80 and, thus is 

negligible. Whether the offset reduction can be multiplied in case of combining the enlargement 

of both width and thickness of the sample still needs to be checked. 

The linear dependency of the simulated LPS-voltage on 𝑎 and the knowledge that  𝑈LPS ∝ ∇x𝑁D 

[1] allows the following relation: 

 

𝑈Sim ∝ 𝛼 ∝ ∇x𝑁D  ∝ 𝑈LPS. 
 

This shows, that the simulated LPS-voltage corresponds to the measured LPS-voltage. 

 

4. Conclusion and Outlook 

 

For large enough samples (𝑤𝑑 ≥ 1500 µm, 𝑡ℎ ≥ 200 µm) we have shown, that the simulated 

LPS-voltage is directly proportional to the measured voltage 𝑈Sim ∝ 𝑈LPS as expected from 

experimental results. Simulation costs are high for such large samples, but can be reduced using 

symmetry assumptions (e.g. 𝑁D
+(𝑥, 𝑦) = 𝑁D

+(𝑥, −𝑦)).  

Now the local resolution can be calculated and related to the LPS-measurement method. Also, 

for a given mean charge carrier density (e.g. via Hall-measurements) it is possible to calculate 

the absolute value of the doping concentration by integration of the LPS-measurement results. 

This could lead to a resistivity profile with an improved local resolution compared to 4-point-

measurement systems. We estimate the order of magnitude of the resolution to be hundred 

microns. 
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Abstract 
 

One of the most perspective methods to produce SoG-Si is refinement via 
metallurgical route. The most critical part of this route is refinement from boron and 
phosphorus, therefore, approach under development will address this problem. An approach 
of creating surface waves on silicon melt’s surface is proposed in order to enlarge its area and 
accelerate removal of boron via chemical reactions and evaporation of phosphorus. 

A two dimensional numerical model is created which include coupling of 
electromagnetic and fluid dynamic simulations with free surface dynamics. First results show 
behaviour similar to experimental results from literature. 
 
Introduction 
 

The exhaustion of fossil fuel resources, global warming, and increased energy 
consumption all make finding alternative energy sources important. In terms of environmental 
impact, solar energy is one of the most perspective and attractive sources. However, 
development of solar power is limited by the solar power costs in comparison to other power 
sources. As shown in [1], by 2020 the energy cost for solar power is still expected to be 
higher than for hydro, onshore wind, geothermal, nuclear and even biomass energy sources. 
Reduction of solar cell production costs is necessary for this technology to develop, and one 
solution is to reduce the cost of raw materials like polysilicon. 

In 2013, production of polysilicon constituted approx. 23% of the total solar cell costs 
[2]. This number can be reduced by lowering energy consumption during solar grade silicon 
(SoG-Si) production. One of the most efficient ways to produce SoG-Si is the metallurgical 
route of refining. It consumes about 30 kWh/kgSi (kilowatt-hours per kilogram of silicon) of 
energy. In comparison, chemical route such as the Siemens process, which is the most widely 
used refining process nowadays, consumes more than 70 kWh/kgSi [3]. In 2013, more than 
200 000 tons of polysilicon was produced worldwide, which could result in more than an 8 
TWh reduction if all of the silicon was produced via the metallurgical route rather than with 
the Siemens process. 

Currently, the polysilicon market is recovering from crisis and new technologies that 
ensure reduction of production costs can give a significant advantage in a competitive SoG-Si 
market. In April 2017, a three year project was started in University of Latvia on refinement of 
silicon via the metallurgical route. The main task of this project is increasing the efficiency of 
silicon refinement from boron and phosphorus with use of advanced electromagnetic impact. 

 
1. Potential for EM technologies in silicon refinement 

 
In many investigations phosphorus removal is found to be the most challenging task, 

since the purity threshold (< 1 ppm) was not reached [8]. Although, oxidation and slag 
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refinement is simple process for removing phosphorus from silicon, it is insufficient to reach 
low purity threshold. Mostly used approach for phosphorus removal is evacuation, it is 
dependent on free surface area and bulk melt stirring. Refinement enhancement can be achieved 
by superposing DC and AC magnetic fields [7]. Furthermore, this impact creates also mixing 
effect in the bulk melt, which is also important for boron removal. In comparison, classical 
induction stirring can enhance only bulk melt mixing, leaving surface area size unchanged. 

Boron removal by oxidizing bubbles was already shown in [4] where significant 
splashing of silicon was observed, as a result blowing of oxidizing gas on free surface of the 
silicon was preferred instead. Also, no attempt was made to adapt electromagnetic stirring for 
bubble flow control, which was shown to be possible in [5]. Furthermore, high velocity shear 
in melt can lead to gas bubble breakup thus enlarging gas-liquid interface area and increasing 
boron removal rate. Lead to gas bubble breakup thus enlarging gas-liquid interface area and 
increasing boron removal rate.  

Other possibility for boron removal could be blowing of oxidizing gas on free surface, 
which is already well known [6], and with additional creation of surface waves by means of 
electromagnetic impact thus creating capillary waves and increasing surface area at least 
twice. Previously mentioned electromagnetic impact technology (superposition of DC and AC 
fields) can be used for boron evaporation, because it enhances surface area and stirring. 

Highest boron refining rates can be achieved with plasma refining, but it has high 
energy demand. In reactive gas refining, concentration of boron changes according to first 
order rate law 

𝑙𝑛
𝐶 ,

𝐶 ,

= 𝑘
𝐴

𝑉
𝑡 (1) 

Here CB – boron concentration with indices after comma indicating time, A is the area of 
interfacial surface between oxidizing gas and silicon melt, V is the volume of silicon melt, t is 
time, kB is boron mass transfer coefficient at the surface, measured in μm/s. kB is determined 
experimentally and is dependent on oxidizing gas supply rate, type of oxidizing gas and melt 
temperature. Creation of surface waves would increase A/V ratio, thus speeding up boron 
removal. Tab. 1 summarizes kB from literature with different oxidizing gases, gas flow rates 
and temperatures. 

Tab. 1. Silicon refining from boron and phosphorus summary from literature 

Oxidizing gas 
Melt 

temperature 
T, ºC 

Flow rate, 
Nl/min 

kB, 
µm/s 

Reference 

Ar – 97 %, H2O – 3% 1450 3 7.0 
[9] N2 – 97 %, H2O– 3% 1450 3 6.0 

H2 – 97 %, H2O– 3% 1450 3 13.0 
H2 – 24.2 %, Ar – 72.6 %, H2O– 3.2% 1500 3 4.3 

[10] H2 – 48.4 %, Ar – 48.4 %, H2O– 3.2% 1500 3 8.6 
H2 – 72.6 %, Ar – 24.2 %, H2O– 3.2% 1500 3 9.2 

H2 – 97 %, H2O– 3% 1450 3 13.0 
[6] H2 – 97 %, H2O– 3% 1500 2 9.0 

H2 – 97 %, H2O– 3% 1500 14 44.6 
Boron 
 
 
 
         Phosphorus 

Melt 
temperature 

T, ºC 

Pressure, 
Pa 

kP, 
µm/s 

Reference 

1500 0.5 2.28 
[11] 

1600 0.5 4.93 
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Data from Tab. 1 shows that the most important factor for boron removal is oxidizing gas and 
its flow rate. 

According to [11], the same relation (Eq. 1) is applicable for phosphorus removal, 
literature data is also shown in Table 1. For phosphorus, temperature is a more important 
factor. Another important factor is pressure. According to [12], the phosphorus mass transfer 
coefficient on the surface of the silicon melt strongly depends on pressure. Above 1 Pa 
pressure, the transfer rate of phosphorus declines very rapidly. On the other hand, phosphorus 
mass transfer coefficient reaches asymptotical value below 0.1 Pa and therefore further 
decrease in pressure would not be beneficial. 

For removal of both boron and phosphorus removal, surface waves can be used to 
enlarge surface area and increase refinement rate. However, it is not clear how large the 
surface enlargement will be and how it will influence boron diffusion in gas boundary layer. 
For this purpose, the first step is creation of a numerical model which can simulate melt’s 
surface waves induced by electromagnetic impact. 
 
2. Simulation model 
 

For numerical simulations we use two open-source software packages - the finite 
element multi-physics simulation code Elmer and computational fluid dynamics code 
OpenFOAM. Efficient parallel coupling between both codes is done using EOF-Library [13]. 

Computation scheme is shown in Fig. 1 (a). OpenFOAM (OF) package solves fluid 
dynamics with free surface using volume of fluid (VOF) method, then computes electrical 
conductivity of gas-and-melt mixture and sends it to Elmer package. Elmer solves the 
complex problem for the time-harmonic electromagnetic (EM) field and sends back to OF the 
complex components of electrical current density and magnetic field density. 

Every time the EM field is updated, the amplitudes are computed 

 
𝐽 = 𝐽ℑ + 𝐽ℜ

𝐵 = 𝐵ℑ + 𝐵ℜ

 (2) 

And the corresponding phases 

 
𝜑 = 𝑎𝑡𝑎𝑛2 𝐽ℑ, 𝐽ℜ

𝜑 = 𝑎𝑡𝑎𝑛2 𝐵ℑ, 𝐵ℜ
 (3) 

for current and magnetic field densities, where i represents x, y and z components, and atan2 
is the arctangent function with two arguments that gives the angle in radians between the x-
axis and the specified point. 
Then, at every OF timestep the Lorentz force is updated   

 
𝐹 = 𝑒𝑥𝑝 ⋅ 𝐽 𝑐𝑜𝑠 𝜑 + 𝜔𝑡 ⋅ 𝐵 𝑐𝑜𝑠 𝜑 + 𝜔𝑡

𝐹 = −𝑒𝑥𝑝 ⋅ 𝐽 𝑐𝑜𝑠 𝜑 + 𝜔𝑡 ⋅ 𝐵 𝑐𝑜𝑠 𝜑 + 𝜔𝑡

𝐹 = 0

  (4) 

where ω is angular frequency. An exponential multiplier provides a smooth increase of 
Lorentz force during the first few periods and reduces unwanted splashes at the beginning of 
simulation. 

A 2D axisymmetric problem of mercury with free surface is considered. The mercury 
tank is surrounded by inductor, which creates alternating magnetic field, see Fig. 1 (b) for 
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illustration. A similar device and experiment was described in [14]. This mercury experiment 
is only used for model validation purposes. 

In this model, mercury properties were set in the melt domain - electrical conductivity 
σmelt=1.04∙106 S/m, kinematic viscosity νmelt = 1.14∙10-7 m2/s, density ρ = 13534 kg/m3, surface 
tension γ = 0.5 N/m and contact angle θ = 90°. The inductor has homogeneous current 
distribution with density Jampl = 6.5∙106 A/m2 and frequency f = 14 Hz. Turbulence model k-ε 
is used, and maximal Courant number is set to 0.4. The transient simulation reached flow time 
4 sec. 

Computational mesh for OF has 31k cells, mesh for Elmer has 35k elements. We used 
very fine mesh with size 0.35mm in region where surface can be present during simulation, 
see Fig. 1 (c). 

(a) (b) (c) 

Fig. 1. Computational scheme for coupled OpenFOAM and Elmer simulation (a). Schematic 
drawing for 2D axisymmetric model (b), where vertical dashed line is symmetry axis and 
horizontal dashed line is melt’s initial filling level. All sizes given in millimeters. OpenFOAM 
fluid dynamics mesh (c) 
 
3. Results 
 
 Turbulent flow (Re ≈1.5∙105) inside mercury vessel has two toroidal vortices similar to 
a classical induction crucible. But in considered case, the slow change of the EM force causes 
creation of surface waves near the outer wall, and subsequent propagation of waves radially 
inward. Fig. 2 (left) shows the velocity field in the melt and air. The velocity vectors in this 
figure that have also vertical component only indicate that melt surface is moving and there is 
not net melt mass moving through the interface. 

Frequency analysis of local melt height in three points (x=0 on axis, x=35mm, and x= 
70mm near wall) shows several peaks. The peak at 28 Hz is connected with the frequency of 
the EM force, which is double the EM field frequency. There is a 14Hz peak close to the wall, 
in simulation results it was observed that 28Hz force frequency creates two small waves that 
fuse into one wave. 
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Fig. 2. Melt’s surface shape and velocity distribution at 3.964 s (left) and wave frequencies at 
three different radial coordinates (right) 
 

The time dependence for the 
surface shape of melt can be 
seen in Fig. 3. It was 
observed that waves on the 
surface are not regular during 
the first two seconds. At first, 
waves are travelling radially 
toward center of crucible and 
when waves reach center, 
waves travelling away from 
center appear. After two 
seconds first standing waves 
start to appear when 
oppositely travelling waves 
interfere. Obtained values of 
wavelength λ do not 
correspond to experimental 

data from literature [14], in current simulation there are 5-6 λ that fit into radius, while there 
are 10 λ in experiment. In current simulation, standing waves are established after initial wave 
development has passed. Standing waves are also found for similar configuration in [15].  
 
Conclusions and outlook 
 

Developed numerical model showed that standing waves are formed on melt’s surface 
after first two seconds and that these waves are formed by travelling waves moving radially in 
opposite directions. There are very few references on numerical modelling of such problems 
and therefore these promising results are important step towards better understanding and 
capturing of EM induced capillary waves on liquid metal surface. 

However, detailed behaviour of surface is not captured. There is discrepancy with 
literature for results of the shape of waves, and no sufficient experimental data on wave 
amplitude exist. There are two possible ways to achieve more detailed results.  

Fig. 3. Melt surface height radial dependence in time. 
Vertical axis showing melt height in meters 
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First is adaptation of existing model by means of adjusting time and space resolutions. 
Temporal resolution restrictions are caused by capillary waves. Advanced numerical 
techniques can also be used to diminish numerical artefacts. 

Second way is implementation of surface capture techniques, different than VOF. One 
possible approach is height function method. 
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Abstract 
 
 The work contains literary and own data on the history of the development of silicon 
growing technologies with volumetric and surface heating of the melt. The advantages and 
disadvantages of technologies with surface heating are discussed. Examples are given of the 
implementation of such processes in the 60-70s of the last century and the reasons for the 
termination of the relevant works. Principal solutions for the realization of the crystal growth 
process with electron beam heating of the melt surface realized in KEPP EU (Latvia) are 
described. Differences in the management of the growing process of crystals with a constant 
diameter in comparison with the Czochralski method are discussed. The geometric and 
electro-physical properties of the obtained crystals are presented. Possible application of such 
crystals and the immediate tasks of technology development are described. 
 
Introduction 
 
 The historical review of the silicon crystal growth methods goes beyond the goal of 
this paper, but in my opinion, since some historical data support the ideas set forth they should 
be illustrated in Table 1. 

 

1. The influence of heating methods on the properties of crystals and the development of 
processes 
 
 The fundamental difference between the CZ and DSS methods from the FZ process, 
both conventional and pedestal, as well as from the process of growing from the skull, is most 
clearly illustrated by diagrams of numerical simulation of these processes shown in Fig. 1. In 
Fig. 1 shows the principal difference in the sizes of the surface heating zones in the FZ and 
electron-beam processes with a nominal diameter of 10-20 mm and volumetric heating of the 
melt in CZ and DSS, where the typical size The heating zone is measured in hundreds of 
Millimeters and the surface area in modern systems is about 1 Square meter. 
 Obviously, in the case of volumetric heating, the systems are characterized by more 
uniform thermal fields favorable for crystal growth. At the same time, a large number of 
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different tools, mainly graphite, are used in mass heating methods, which leads to inevitable 
contamination of the melt in the process. 

Much more pure methods of surface heating has a number of own shortcomings. Both 
FZ processes, employing either induction or electron-beam heating, require a polycrystalline 
silicon rod complying with a number of special requirements, both in terms of geometric 
features and process technology: deposition is carried out at a low rate. The low rate of rod 
deposition in the Siemens-process provides for its high density and the lack of amorphous 
phase inclusions. Such inclusions contribute to rather inhomogeneous rod melting and can 
lead to the formation of dislocations. Adherence to the technology of growing rods makes 
them very expensive - no less than 2 times more expensive than the lump polysilicon of 
appropriate quality used in the process of growing from the crucible. In addition, high stresses, 
exceeding a certain value, provide to the crack formation in the course of processing are not 
acceptable. Non-availability of the adequate diameter rod techniques hindered the 
development of the FZ process in the late 1960s, early 1970s and early 1990s. The high price 
of the above rods stipulates the high price of the FZ single crystals, limits their use and 
thereby the outcome of the equipment used in process. 
 The high cost of developing equipment extends to the low quantity of produced units, 
thus increasing the price of equipment. As a result, the second significant component of the 
cost price is added, which additionally raises the price and limits the use of FZ single crystals. 
The price advantage obtained in connection with the elimination of consumables is not 
enough to compensate for the increased costs of raw materials and depreciation, as a result, 
the use of silicon is limited to special detectors and power electronics. Constantly increasing 
demands on loads increase the requirements for the diameter of the plates (Fig. 2). 

Taking into account the current trend and in accordance with the estimates [11], the 
need for plates with a diameter of 300 mm should be expected by 2020-25. To solve this 
problem, it is extremely important to produce high-purity rods of the appropriate diameter 
(250-350 mm). In the industry demand for 300-millimetre plates for high-power thyristors has 
appeared, but polycrystalline rods for the production of 300 mm single crystals and equipment 
and technologies to enable the production of corresponding single crystals are absent. 

 
Fig 1. Area of heating in different crystal growing techniques:A- FZ [8]; B -pydestal [4]; 
C – Electron beam [own data]; D- CZ [9]; E – DSS [10] 
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Fig 2. Growth of thyristor current and wafers diameter [11] 
 

2. Growing crystals with electron beam heating 

 
 A slightly different situation with the processes of electron beam melting. Such 
processes were used in the growth of single crystals with dislocations from the pedestal [4] in 
a vacuum. At the same time, because of the problems of organizing the optimal heat 
distribution, as well as the significant evaporation of silicon, its condensation on the surfaces 
of the vacuum chamber, rigging, and entry into the melt and move to the crystallization 
surface, such processes have not developed. On the other hand, a number of processes with 
the use of a skull are patented at different times, the schemes of which are shown in Fig. 3. 

Although these schemes suffer from a number of drawbacks, silicon single crystals 
were obtained as a result of their implementation. The circuit in Fig. 3a significantly benefits 
from zero requirements to the size and shape of the raw material, with the exception of the 
feeding rod. Obviously, the main problem of the process lies in the difficulty of heating the 
central region of the melt, which is cooled by a copper crucible and tends to joint to a growing 
crystal. In order to eliminate the above problem, we developed a furnace with reduced heat 
output from the bottom of the melt and established the scheme of the process shown in Fig. 4. 

The presence of thermal insulation contributes to improving the energy efficiency of 
the process. In the case of a 200 mm rod growth, the whole process consumes up to 25 kWh / 
kg, including melting of the formation and growing crystals. (The energy consumption of the 
vacuum pump and cooling system is not included). The first crystals with a diameter of about 
100 mm were obtained in 2011. In 2014, the diameter of rods grown in stable operation 
reached 170 mm, and in 2016 - 220 mm. 

The architecture of the equipment provides for a fixed molten bath enabling to reduce 
melt mixing associated with the rotation of a large-diameter molten bath. The heating 
homogeneity is ensured by the motion of the focal spots of the electron beams. However, the 

 
Fig 3. Different types of skull pulling processes: A – from cold crucible [5]; B – with inside 
current heating [12]; C – with multiple induction heating [13] 
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problem related to crystal diameter 
controlling turns up. As the crystal grows 
the level of the melt decreases and the 
controllable meniscus removes from the 
video camera. An attempt to use a laser 
distance meter encountered the problem of 
reflected rays scattering, since there is a 
wave exists on the surface of the melt. 

Nevertheless, this does not imply 
any engineering faults but natural property 
of the process. The fact is that the electron 
beam creates pressure on the melt surface 
and any beam displacement, as a 
consequence, forms a wave on the surface. 
In addition, the electron beam forms a 
luminous trace and the melt meniscus near 
the skull surface features almost the same 
brightness as the growing crystal surface, Fig. 5C. 

As a result, the camera periodically "loses" the object of observation. We managed to 
solve this problem in principle [14], by taking arrangements to regulate the diameter by speed 
of pulling proportionally to a diameter change, however, the control over the melt level has 
not been solved yet. As a result of the operations carried out, an industrial-scale plant 
designated to grow silicon polycrystalline rods (Fig. 5a) has been developed and the 
techniques that enables to grow rods up to 220 mm in diameter have been mastered. In 
addition, the principal feasibility of growing crystals up to 300 mm (12") in diameter has been 
shown. The maximum mass of the crystals obtained is 80 kg at a charge of 100 kg. The results 
of the impurity content control in crystals (N 3-2) and melt residues (N 5-2) in comparison 
with the high purity FZ single silicon (N-HR) are shown in Fig. 6. 

 

3. Increasing the purity of silicon grown using electron beam heating 
 

Within the level of ICP MS capabilities it is shown that the obtained rod purity 
(sample No. 3-2) is practically the same as the purity of the reference sample of high purity FZ 
silicon (N-HR). The remedial works aimed to eliminate impurities detected in the melt 
residuals are currently being carried out within the framework of the Research No. 2.3 

 
Fig 5. Electron beam pulling process: A- puller; B- 6”; 9”; 12” ingots archived on puller 
shown at A; C- view of process 

Fig 4. Electron beam pulling process 
developing at KEPP EU: 1-cold  crucible;  2- 
insulation; 3-electron beam; 4- way of focal 
spot on melt surface; 5-focal spots; 6- melt; 7- 
container; 8- seed holder; 9 - pulling crystal 
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“Modelling and optimization of plasma shape in electron gun heater for the improvement of 
crystal growth process control” supported by the European Regional Development Fund 
project "Development of Competence Centre of Mechanical Engineering", contract 
No.1.2.1.1/16/A/003  signed between Competence Centre of Mechanical Engineering and 
Central Finance and Contracting Agency. 

The analysis of the impurities detected proves the need to clean the vacuum chamber 
surface prior to carrying out the process of obtaining clean rods as well as to form and 
maintain the condensed pure silicon layer thereon. The formation of a group of metallic 
impurities similar by composition to stainless steel indicates the exposure of the vacuum 
chamber and equipment steel parts to irradiation by primary or secondary electrons. In such a 
case, the most dangerous surfaces are those that may be irradiated by primary electrons, 
trajectories of which are slightly deviated from the axis of the main stream. Due to relatively 
small number of such electrons, they leave no traces on the steel surface but lead to the 
residual gases saturation in the vacuum chamber with the vapours of metals detected. 
Screening of these surfaces by other materials, for example, titanium, allows detecting the 
places of irradiation defined as a source of contamination. If the discharge of electron-beam 
heater materials is considered to be the source of contamination, these metals will be removed 
simultaneously with the electrode materials. To remove electrode materials, a gas-dynamic 
window has been developed in order to separate the gas-discharge and process chambers 
space by the membrane. On the side of the vacuum chamber the micro quantities of inert gas 
are supplied to the membrane, while on the side of the gas-discharge chamber a region of 
increased pressure of a mixture of this inert gas with the gases from the discharge chamber 
carrying electrode vapours is formed. The gas mixture from the high-pressure region is 
evacuated by means of an additional vacuum pump, carrying away the electrode 

Conclusions 
 
1) The advantages and disadvantages of the silicon crystal growth techniques employing local 
surface heating have been analysed.  

Fig. 6. Results of impurities control in high resistivity FZ sample (N-HR), sample from 
bottom part of electron beam pulled rod (EBR) (N 3-2) and residues of melt (N 5-2) 
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2) For the first time in the world the equipment and technique have been developed to make 
the silicon rods growth from the melt heated by an electron-beam feasible. The availability of 
methods to obtain polycrystalline rods up to 300 mm in diameter has been exemplified to be 
followed by single crystals growth in the FZ process. Moreover, the purity of the rods at the 
control level of modern ICP MS corresponds to the purity of the standard FZ silicon. 
3) The sources of impurities introduced in the course of growth process have been identified 
by traces thereof in the melt residues after the process. The remedies for elimination have 
been outlined to ensure the quality warranty of the rods produced.  
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Abstract 
 
 Electron beam glow discharge gun can be applied as heater for the pulling of silicon 
rods from the melt. A steady-state model for electron beam formation has been developed to 
model and optimize the electron gun. Description of the model and first simulation results are 
presented. 
 
Introduction 
 

Silicon (Si) is the most widely used semiconducting material. It is particularly 
important for high-power electronics and solar applications. Latvian company KEPP EU LLC 
is developing silicon crystal growth systems with electron beam heating of the melt surface. 
Such systems would allow to purify poly silicon material to a very high degree. 

A key feature of the electron guns is the wear and tear of gun parts (cathode and anode 
in particular) that are hit by high energy charged particles produced by the gun. Besides the 
increased exploitation costs, such a wear also serves as an additional contamination source, 
which has to be reduced. For this reason, the Center for Processes’s Analysis and Research 
Ltd, has developed a program system for modeling the electron gun. The program system 
simulates 2D axisymmetric EM field distribution in the gun and calculates 3D particle 
trajectories to model the electron beam formation. The aim of the model development is to 
obtain a tool that would correctly model the basic working parameters of the gun and allow to 
optimize it. 

In this article, we present the description of the employed mathematical models, their 
numerical implementation, and the first simulation results. 
 
1. Description of the working principles of the crystal growth facility and the applied 
electron gun 
 

In a Czochralski crystal growth facility, crystals are pulled out from molten Si in a 
crucible. KEPP EU uses an anode plasma electron gun that heats free melt surface. A solid Si 
crust can develop at the crucible which prevents contaminants from the crucible to enter the 
crystal. However, the gun itself is a source of contamination. 

The gun works by applying high voltage (30 kV) between its cathode and anode. A 
low-temperature low-ionization plasma is lit in the low-pressure (some Pa) hydrogen gas near 
the anode. The positively charged hydrogen gas ions can escape from plasma into the neutral 
gas between the cathode and plasma. These ions, accelerated by the electric field, hit the 
cathode surface. As a result, cathode material atoms are released from its surface, and they can 
contaminate Si material. 
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The ion hits cause also emission of several secondary electrons. Accelerated by the 
electric field, they form a narrow beam that travels through a hole in the anode in the direction 
to the Si melt. Because the beam is larger than the hole, the anode surface is also damaged, 
and its material also becomes a contaminant. The hole cannot be freely widened because it 
will increase the gas flow out of the gun chamber and increase Si contamination. 

Outside the gun chamber, the beam is affected by a system of electromagnets. Since 
the optimization of the beam control was not part of our task, only the two electromagnets that 
were the closest to the anode and could affect the electron trajectories were taken into account. 

 

 
Heating up of the plasma by the electron beam creates a positive back-feed loop in the 

system and ensures continuing ion-electron pair generation in the plasma. Typically, the 
plasma is not at equilibrium, as the electron gas temperature is much higher than ion and 
neutral gas temperature. The electron gas pressure is balanced by the electric field pressure at 
the plasma interface which determines its form. 

Thus, to obtain a quasi-stationary solution for electron beam formation, several 
physical models should be coupled together: electric and magnetic field distributions 
determination of particle trajectories. Particle trajectories determine the distribution of the 
electric charge which affects the electric field. Finally, the plasma interface determines the 
particle trajectories. Below we describe an iterative algorithm that couples these models. 
 
2. Modeling the electron beam 
 
2.1. Modeling the EM field 
 The gun geometry is axisymmetric, 
therefore it was assumed that the electric and 
magnetic field distributions in the gun are also 
axisymmetric.  
 A high intensity electric field that affects 
the particle trajectories only develops in the 
volume between the cathode and plasma interfaces. 
Due to high electric conductivity of the plasma, 
voltage drop in it (several volts) is much smaller 
than the total voltage. Similarly, the voltage 

       

Fig. 1. Left: a general scheme of the Czochralski crystal growth system that uses an electron 
gun for the Si melt heating. Right: a general scheme of an anode plasma electron gun 

 

Fig. 2. Boundary conditions in 
electric field simulations 
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difference between the plasma and anode is also assumed to be relatively small. Since the wall 
is metallic and electrically connected to the anode, the wall and plasma interface are assumed 
to be at the same electric potential 0 V in our model. 30 kV potential is applied to 
the cathode and its shield. All applied boundary conditions can be seen in Fig. 2. 

A Poisson equation for the electric potential is solved: 

,
0
            (1) 

where the distribution of the electric charge  is calculated from the particle trajectories. 
The equation for an axisymmetric magnetic field distribution can be split in two 

separate equations, one for the azimuthal magnetic field component ,H


 and one for the 

azimuthal magnetic vector potential component A
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, is a meridional vector. 

 Although both equations systems can be solved by our model, only A


 equation is 

used in practice, because electromagnet currents (~1000 Aw) by far exceed the beam current 
(1-3 A). The simulation area for the magnetic field encompasses the gun and a rectangular 
area around. Symmetry boundary condition is applied on rotation axis and natural boundary 
condition on other boundaries. The ferromagnetic shields of the electromagnets are modeled 
with constant .1000  
 
2.3. Plasma interface position calculation 

The plasma interface must obtain a shape that ensures that the electron gas pressure is 
equal to electric field pressure: 
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where nE  is the normal component of the electric field at the plasma interface. In general, Ep  

is a function of the electron concentration and temperature. For simplicity, a constant Ep value 
is assumed.  

The following iterative algorithm is applied to find the interface position: first, electric 
field distribution is calculated, then an equation for interface node shifts ih  is solved: 
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where  is a smoothing factor and s  is interface arc length. The interface nodes are shifted in 
the normal direction, ,iii nhr

    where is   some parameter. The node on the symmetry axis 

is shifted in the vertical direction, and the interface cross point with the wall is found by linear 
continuation of the penultimate segment of the interface. 
 
2.4. Modeling particle trajectories and charge distribution 
 A predefined number N of ion trajectories is calculated by integrating the Newton’s 
law: 
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Tab. 1. Secondary electron emission coefficient for H+ 
hits on Al surface at 250℃, [1] 
Kinetic energy, keV 9.9 20.12 30.2 41.08 
  0.69 0.98 1.17 1.27 
 

),( BvEqam


          (5) 

with 4th order Runge-Kutta method. It is assumed that emitted ions were protons. A 
homogeneous emission rate of ions from the plasma interface is assumed, and the initial 
positions of the trajectories are chosen by picking randomly interface meridional segments and 
positions on them according to surface area represented by the segments. Zero velocity is used 
as initial condition. Each trajectory corresponds to an ion current: 

 ,
N

I
I ion

p            (7) 

where ionI  is predefined ion current strength.  

When an ion hits the cathode, an electron trajectory is generated with electron current 

pe II  , where  is the number of emitted secondary electrons. Initially we used  from 

[1], Tab. 1, however, the efficiency of the gun (~90%) suggests that  is much larger, and 
simulations with 9  where also performed. Electron trajectories are calculated until they 
hit any part of the gun or boundary of the simulation area.  

We were also concerned with ion-electron pair generation in the neutral gas due to 
ionization by fast moving ions. For this reason, an ionization effect was implemented. During 
a time step, an ion travels distance l . Its kinetic energy determines the reaction cross section 
 , Tab. 2, and reaction probability ,1 lne  where n  is the gas particle concentration 
calculated from a given gas pressure p . If a reaction occurs, a pair of ion and electron 

trajectories is generated with currents pI  and pI .  

The electric charge density for a mesh node is calculated by determining time t  spent 
by each trajectory in the node neighborhood S. Charges 

tI ep ,  are added to the total node charge, and later it is 

divided by the 3D volume V obtained by rotating S, see 
Fig. 4.  

 

3. Numerical implementation 
 

Triangular meshes for discretization of the electric and magnetic field equations were 
generated with a mesh generation program gmsh [3]. A single mesh for both electric and 
magnetic fields is created, Fig. 5. For the electric field simulations, only part of the whole 
mesh is used.  

 

Fig. 4. Definitions of a node 
neighborhood area S and 
corresponding rotated volume V 

Tab. 2. Cross sections for hydrogen ionization, [2]. Values for H2 are doubled values for H. 
Kinetic energy, keV 9.4 11.4 13.4 15.4 18.4 22.4 26.4 32.4 
  for H, Å2 0.162 0.245 0.331 0.438 0.569 0.779 1.053 1.227 
  for H2, Å2 0.324 0.490 0.662 0.876 1.138 1.558 2.106 2.454 
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The equations were discretized using a finite element program getdp [4]. Both gmsh 

and getdp use special text input files, which are generated by a special python script, which 
also calls gmsh to generate the mesh. 

The main iteration cycle as well as the particle trajectory and plasma interface models 
are implemented in the main program written in C++.  The block scheme of the main iteration 
cycle that couples all models together can be seen in Fig. 5. The program reads its input 
parameters from a text file and can be run in two modes: the main mode and preparation 
mode, which allows to calculate an initial plasma interface position by iteratively calculating 
the electric field distribution without particle trajectories. 

 

3. Example of simulation results 
 

Results of simulation of an electron beam for electron 
gas pressure 3.0Ep Pa are presented here. An increased gas 
pressure 4p Pa was used for ionization modeling. The 
secondary electron emission coefficient was taken from Tab. 
1. To model strong beam currents, the ion current was set to 

5.1ionI A. 4000N  ion trajectories were emitted from the 

plasma interface. Another ~1400 electron-ion pairs are 
generated by gas ionization. 

Fig. 6 shows the calculated electron trajectories. 
Electrons are emitted from the ion impact area (~60 mm in 
diameter). The ion impact distribution on the cathode, Fig. 7, 
shows a spike at about 30r mm, which is smoothed out 
partially by ions generated during ionization process. The 
spike is created by ion particles emitted from and focused by 
the plasma interface near the wall. For smaller gas pressures, 
the ionization does not pay a significant role. 

 

   

Fig. 5. Left: example of 2D triangular mesh generate by gmsh. Right: a block scheme of the 
main iteration cycle for the electron beam simulation 

 

Fig. 6. Calculated electron 
trajectories in the gun 
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Conclusions 
 

A 2D quasi-stationary model for electron beam formation in an anode plasma electron 
gun has been developed and tested. The model includes 2D axisymmetric steady-state 
modules for electric and magnetic field simulations and for calculation of 3D ion and electron 
trajectories.  

Simulations have shown that the model is able to model the basic properties of the 
electron beam, such as dimensions of particle impact areas on the cathode and anode. 
However, further improvements have to be introduced in order to model correctly electron 
trajectory distribution in the beam, and the beam current dependence on the applied gas 
pressure. 
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Abstract 

 

 Open source tools become more and more popular for computer-aided engineering 

(CAE) tasks since they are free and have no license limits for parallel computing. 

Nevertheless, the engineers still frequently suffer from the lack of handy pre- and post-

processing routines in open source software. Moreover, the access to multi-physics is still 

limited using only one open source tool. That all results in significant investments needed in 

front to use open source software for industrial needs as well as for academic research. 

This work presents the integration platform for open source CAE software. This 

platform allows to connect various software into the single framework, which increase 

usability of open source and provides access to multi-physics, breaking all performance limits 

typical for commercial software. 

The cases for simulation of the thermal analysis of a printed circuit bard and an 

induction heating task are presented in this paper. For this purpose, Salome, GetDP and 

Paraview (all open source software) are connected within the platform. 

 

Introduction 

 

 Computer-aided engineering (CAE) approach is replacing physical prototyping in 

industry since 1970s, when such well-known giant software companies as ANSYS Inc. and 

Dassault Systemes were founded. The companies and their software growth parallel to the 

computer power towards approx. $4 billion market today. More than 40 years already passed, 

but the market is still growing 11% per year mostly due to continues digital replacement of 

physical prototyping in industry. Moreover, emerging markets, such as China, India, Brasil, 

Mexico are approaching very fast and have chance to bring another couple of billions within a 

decade. 

 There are two opposite trends in software development, which could be recognized 

from the very beginning of CAE industry: segmentation of software products and generic 

striving for multiphysics. Sure, the individual chose of each customer depends on the needs of 

its business. However, one can recognize that the giant public companies like ANSYS, 

Dassault Systemes, Autodesk, which have been aggressively growing by means of acquisition 

of various specific software companies, create generic platforms in order to tie together 

specific software products they have. The mentioned companies already released platforms 

(ANSYS Workbench, 3DEXPERIENCE). Figure 1 demonstrates historical trending of CAE 

industry. 

Nevertheless, it should be mentioned that evangelists of the opposite trend towards 

highly customized software for niche industries still is able to find their customers. WindSim, 

Phoenics, FieldScale, PZFlex and many others can be mentioned here. The generic giants are 
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trying to take this market segment with app stores, which represents the market place for 

customized modules. 

 

 
Fig. 1. Historical development of CAE software 

 

1. Power of Open Source Tools 

 

 One of the main obstacles, which prevent small and medium size companies from 

using commercial software, is very high price. A single license may cost up to $200 thousand 

with subscription fee up to 30% of the purchase price per year. Moreover, the traditional 

business models of on-premises commercial software contains the explicit pricing model for 

multi-CPU calculations. Traditionally, the basic package allows calculations only on two-four 

cores, which makes heavy calculations, e.g. turbulence, near impossible. At the same time, the 

packages for high-performance computing (HPC), which nevertheless still limits the number 

of cores with 10-16, significantly increase the price of simulation. Nowadays, when even a 

laptop may have 8 cores, such limitations seems to be archaic. 

 Alternatively, there are smart open source CAE tools. Such software mostly were 

developed in local academic communities for entire needs. Some of them successfully grew to 

become the strong international communities and leading benchmark positions, like 

OpenFOAM. The academic users were not happy with closed code of commercial software, 

which limits its use for scientific and non-standard cases. 

 However, the users of open source tools face several challenges. 1) The tools are 

fragmented. Due to the fact they are driven by different communities, they usually have 

different formats, literary, they do not speak to each other, which bother access to 

multphysics. 2) Open source tools provide poor user experience and frequently do not have 

user interface at all, like OpenFOAM or GetDP. 3) Lastly, they are unsupported in 

commercial sense. 

 

2. CENOS platform 

 

 In CENOS, we believe in great power behind open source tools and their communities. 

Based on our experience, we see that numerous open source codes already contain the 

smartest algorithms, which were created over the decades of science. In fact, it is our scientific 

heritage, there is no reason to change for it. Only time-saving interaction layers are worth to 

pay for. We believe that fixing the issues mentioned in the last paragraph, we shall be able to 

unleash the power of open source tools and communities behind them to industry. 

 CENOS is the affordable platform for engineering simulation, which ensures 

automated inter-connections between various open source tools and provides simplified user 

interface for engineers. It allows easy integration of new open source tools, in-house codes 

and routines for automated pre- and post-processing for niche industries and applications. 
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 Actually, as it is demonstrated in Figure 1, CENOS is the new consequent step in 

development of open source tools, which follows the trend of commercial software. However, 

the unleashed power of open source gives the new degree of freedom for CAE development. 

 Figure 2 demonstrates the screenshot of CENOS interface. The simple workflow is 

created, it will be executed fully automatically after the “run” button is be pressed. The 

demonstrated workflow contains Salome for pre-processing (geometry creation and meshing), 

GetDP for the computing part and ParaView for post-processing (visualization). CENOS 

contains special user interface for definition of the parameters of simulation within GetDP 

block. 

 

 
Fig. 2. The screenshot of the automated workflow created in CENOS user interface 

 

3. Examples of Application 

 

 This paper demonstrates two particular application of CENOS platform. 

 Figure 3 demonstrates temperature distribution on the surface of the experimental 

printed circuit board (PCB). This PCB consists of 6 microprocessors, which are heated up. 

The slits are created in order to minimize overheating of the central microprocessors due to 

overlapping of the heat from the neighbouring chips. The graph on right side demonstrates the 

temperature in the middle of the chip over time. 2W heating was applied in each chip for first 

60 s, and natural convection cooling after that. 

 Figure 4 demonstrates the lines of magnetic field in the system of simple induction 

heating: cylindrical billet and solenoidal inductor around it. 
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Fig. 3. Thermal analysis of the experimental printed circuit board (PCB). Left: temperature 

distribution on the surface. Right: temperature in the middle of the chip over the time – 60 s 

heating, then cooling 

 

 

Conclusion 

 

Open source tools are powerful 

instruments for CAE tasks, which unleash 

the community and breaks limits for 

parallel computing. CENOS is the 

platform, which allows to use the best of 

various open source tools simultaneously, 

providing access to multiphysics and 

saving engineers’ time with user friendly 

interface. 

CENOS platform supports the tasks 

of thermal analysis and induction heating 

calculation now. 
Fig. 4. Distribution of magnetic field in case of 

the axial symmetric induction system 
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Abstract 
 
 With the induction heating technology, it is possible to heat up blanks for the press 
hardening process in 20 s or less. Furthermore, the dimension of an induction system is small 
and easy to control in comparison to conventional heating systems. To bring the induction 
heating technology to warm forming industry it is necessary to analyze the process under the 
view of induction. This paper investigates the edge- and end-effects of a batch heated blank. 
 
Introduction 
 

In the last years different induction heating concepts for blanks were tested. [1] 
analyzes the potential of continuous heating with longitudinal and transversal flux concepts. 
With those heating concepts it is possible to heat blanks up to the Curie temperature. The 
potential to heat blanks above the Curie temperature was described in [2] using a single side 
induction coil and in [3] using the concept of a single side induction heater too and examine 
the influence of a longitudinal flux heating coil on the temperature distribution. The influence 
of longitudinal flux heating on holes and block-outs was investigated in [4] and [5]. This 
paper analyzes an induction heating system which allows temperatures up to 950 °C. The 
advantage of single stage induction heating is, that conventional heating systems like a gas 
furnace aren’t necessary, if a homogeneous final temperature distribution of the blank can be 
reached only by induction heating. 

In the hot sheet metal forming process blanks are heated up to a temperature of 930 °C 
to 950 °C for uncoated material and AlSi coated resp. 890 °C to 920 °C for Zn coated material 
in order to reach the austenitisation temperature and compensate the thermal losses, which 
occur during the transport from the heating system to the press. 
 
1. Numerical model 
 

For the numerical modelling and calculation, the commercial software package 
ANSYS 16.2 was used, which bases on the finite-element-method (FEM). The calculation 
algorithm which is used in the study is divided in two sub-steps. In each iteration step a 
harmonic electromagnetic and a transient thermal calculation is performed. To solve the 
Maxwell Equation’s for the harmonic electromagnetic field the magnetic vector potential is 
used. The result of this solution is the heat source distribution in the work piece. In the second 
sub-step the heat transfer equation is solved for a time interval Δt taking into account thermal 
losses due to radiation and convection. The solution of the electromagnetic calculation is the 
input value for the heat transfer equation. The output value is the temperature distribution. In 
the next iteration step the temperature distribution is the input value for a new harmonic 
electromagnetic calculation with adjusted material properties like specific electrical 
conductivity, relative permeability, specific thermal conductivity and the specific heat 
capacity. 
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For the calculation of the following results a verified 3-dimensional model is used [6]. 
Due to the symmetry only the half of the system is modelled to reduce the calculation time. 
The induction coil has a rectangular cross section. For an exact calculation it is important to 
mesh the edges of the blank very fine. The calculations are based on the material properties of 
22MnB5 steel [7]. The reference thickness of the blank is 1.5 mm, because in many industrial 
application blanks with a thickness in this range are used. In most cases the width and the 
length of the blank is 500 mm. The coil has a number of 8 windings. The width of one 
winding is 60 mm and the distance between the windings is 5 mm. The frequency of the 
inductor current is 400 kHz. The air-gap in vertical direction is 40 mm and in horizontal 
direction 50 mm on each side. 

 
  

Fig. 1: Sketch of the numerical model Fig. 2: Evaluation path  
in x-direction 

Fig. 3: Evaluation path  
in z-direction 

 
2. Numerical investigation 
 
2.1 Influence of the horizontal air gap on the temperature distribution 

The air gap is an important geometrical value in the induction heating process. It acts 
on the temperature distribution and the electrical efficiency. First the modification of the air 
gap in horizontal direction is analyzed. This is the distance between the edge of the blank and 
the normal part of the induction coil. The temperature is evaluated in two directions and each 
on two paths (Fig. 2 and Fig. 3). On Fig. 4 and Fig. 5 the temperature profiles parallel to the 
windings are shown. Between 0.05 m and 0.45 m the temperature is nearly homogeneous. 
Close to the edge the blank is overheated. The margin of the overheating depends of the size 
of the horizontal air gap. The overheating at the edge falls with increasing the horizontal air 
gap. At the end of the blank (Fig. 5) the temperature profile is qualitative the same but around 
2 % lower because the magnetic field spreads at the end of the induction coil. 

  
Fig. 4: Temperature in x-direction in the centre Fig. 5: Temperature in x-direction at the end 

180



On Fig. 7 and Fig. 8 the temperature profile normal to the windings (Fig. 3) is 
illustrated. The temperature profile on Fig. 7 is evaluated at the position x = 0 m. For the four 
air gaps the temperature has qualitatively the same trend. But in Fig. 8 the temperature along 
the edge is different for the air gaps. If the horizontal air gap is small the magnetic field which 
is generated from the normal part of the induction coil has more influence on the temperature 
of edge and causes a higher value (Fig. 8). The ripples in Fig. 7 and Fig. 8 are produced by the 
distance between the windings. A part of the magnetic field doesn’t close over the whole coil 
rather over a single winding. That means the magnetic field between the windings is lower 
than under a winding and therefore the temperature too. 

 

  
Fig.7: Temperature in z-direction in the 
centre 

Fig. 8: Temperature in z-direction at the edge 

 
2.2 Influence of the vertical air gap on the temperature distribution 

The next analyzed parameter is the vertical air gap. The temperature profile at position 
z = 0 mm is influenced by the vertical air gap (Fig. 9). With increasing the air gap the 
homogeneous zone gets smaller and the shape of the curve is smoother. Due to the increased 
distance between the blank and the horizontal part of the induction coil the coupling becomes 
weaker. The influence of the normal part of the induction coil increases and therefore the 
magnetic field is greater in the edge area. 

The temperature at the end of the blank is shown on Fig. 10. The increasing of the 
vertical air gap results in a lower temperature at the end of the blank because of a weaker 
magnetic field in this area but the difference from minimum to maximum is the same for each 
curve.  

 

  
Fig. 9: Temperature in x-direction in the 
centre 

Fig. 10: Temperature in x-direction at the 
end 

 
In Fig. 11 and Fig. 12 the temperature along the z-axis is illustrated. With a greater air 

gap the temperature at the end of the blank decreases. Furthermore, the ripples of the graphs 
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are reduced because the influence of the magnetic field around a single winding decreases 
with a greater air gap and therefore, the magnetic field is more homogeneous. 
 

  
Fig. 11: Temperature in z-direction in the 
centre 

Fig. 12: Temperature in z-direction at the 
edge 

  
2.3 Influence of the length of the blank on the temperature distribution 

The next parameter in this investigation is the length of the blank. Blanks in the press 
hardening process are different in length. So it is important to know in with range the length 
of a blank can be varying for a nearly homogeneous heating. The modification of the length 
has no influence on the temperature in x-direction at position z = 0 m (Fig. 13). But at the end 
of the blank there is a dependence of the length on the temperature profile (Fig. 14). If the 
blank is longer than 480 mm the temperature difference between the position z = 0 m and the 
end of the blank is more than 1 %. If the blank is shorter than 480 mm the temperature profile 
is no longer influenced that means the temperature is nearly the same as at position z = 0 m. 
 

  
Fig. 13: Temperature in x-direction in the 
centre 

Fig. 14: Temperature in x-direction at the 
end 

  
The temperature profile in z-direction for position x = 0 m and at the edge of blank is 

shown on Fig. 15 and Fig. 16. At position x = 0 m (Fig. 15) the temperature is very 
homogeneous for a length of 480 mm or shorter. The temperature directly at the edge is 
around 1 % higher than in the centre of the blank (Fig. 16). For a longer blank the temperature 
drops because of a spread magnetic field at the end of the coil. The temperature profiles of the 
curves are qualitatively the same and the difference between minimum and maximum for each 
curve are 2.9 %. 
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Fig. 15: Temperature in z-direction in the 
centre 

Fig. 16: Temperature in z-direction at the 
edge 

 
2.4 Influence of the thickness of the blank on the temperature distribution 

The thickness of the blanks which are used in the press hardening process varies in a 
range of 1 mm to 3 mm. Between 0.02 m and 0.48 m the difference in the temperature profile 
(Fig. 17) isn’t big but near the edge of the blank the temperature increases with the thickness 
of the blank. With a thicker blank more Joule Heat is generated in the vertical part at the edge 
because the way for the electrical current gets longer. This Joule Heat superposes with the 
Joule Heat of the surface and results in higher temperatures at the edge. 

Fig. 19 and Fig. 20 show the temperature profiles in z-direction. The temperature 
profiles in the centre (Fig. 19) have nearly the same trend for the different blank thicknesses. 
Only at the end of the blank the temperature rises with thicker blanks.  

At the edge of the blank (Fig. 20) the temperature is higher than in the centre. 
Furthermore, the temperature of thicker blanks is higher than for smaller ones at the edge of 
the blank.  
 

  
Fig. 17: Temperature in x-direction in the 
centre 

Fig. 18: Temperature in x-direction at the 
end 

 

  
Fig. 19: Temperature in z-direction in the 
centre 

Fig. 20: Temperature in z-direction at the 
edge 
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Conclusion 
 

With a 3D numerical model, the batch heating process for thin blanks in longitudinal 
flux field was investigated. With increasing the horizontal air gap the overheating at the edge 
and at the end of the blank could be reduced. The vertical air gap has only a small influence 
on the temperature in the centre of the blank but at the end the temperature drops around 5 % 
for a large air gap. The length of a blank influences only the temperature at the ends. For the 
investigated length the temperature drops 3 %. The last analyzed parameter was the thickness 
of the blank. With increasing the thickness, the temperature at the edge and end increases. The 
influence of the thickness on the temperature distribution at the end of the blank has to be 
investigated in more detail. 
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Abstract 
 
 Mathematical modeling of single and consecutive dual - frequency induction surface 
hardening systems are presented and compared. The both models are solved by the 3D FEM-
based professional software supported by a number of own numerical procedures. The 
methodology is illustrated with some examples of surface induction hardening of a gear wheel 
made of steel 41Cr4.  The computations are in a good accordance with experiments provided 
on the laboratory stand.  
 
Introduction 
 
 Induction hardening is a kind of heat treatment where  a steel body or  its selected part 
is heated by induction to an appropriate temperature and then immediately quenched. Its result 
is very hard, but brittle microstructure. The idea of the surface induction hardening is 
connected with hardening of a thin surface layer only and keeping soft the internal part of the 
treated material. In general, the induction surface hardening consists of two consecutive stages 
with a short austenitization break between them. The time evolution of the process are 
presented in Fig.1 for the single frequency induction hardening (SFIH) and in Fig. 2 for the 
consecutive dual frequency induction hardening (CDFIH) 

 
Fig.1 Time evolution of temperature during single (on left) and dual frequency induction 
surface hardening (on right) 
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The first stage of the SFIH process is the fast induction heating. In a thin surface layer the 
treated material reaches the hardening temperature Th being bigger than the modified upper 
critical temperature Ac3m at [1]. 

   
B

h 3mc
t t

T T A                                                                                                                 (1) 

where tB denotes the time when cooling begins (see Fig.1).  
For deeper layers the hardened body reaches temperatures bigger than the modified 

lower critical temperature Ac1m, but smaller than the modified upper critical temperature Ac3m 
and the microstructure contains not only austenite, but also  pearlite and carbides. 
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                                                                                                                   (2) 

Finally, for the internal part of the body the material does not contain austenite at all. 

   
B

c1mt tT A


                                                                                            (3) 

For the dual-frequency process, the induction heating could be realized as simultaneous or 
consecutive. In the latter case the heating is realized in two consecutive time steps tMF and tHF 
with a short break between them tB1. The first step is  the medium frequency (MF) induction 
heating. Then almost immediately (short break time tB2) the high frequency (HF) induction 
heating is realized. The heating terminates when the average temperature in the hardened zone 
exceeds Ac3m. However it depends on velocity of heating. In order to determine it the Time-
Temperature-Austenitization (TTA) diagram for the steel is measured (Fig. 2). 
 

 
Fig. 2. TTA diagram for steel 41Cr4 
 
Curve 1 in Fig. 2 represents dependence of Ac3m on velocity of induction heating vih.  For slow 
heating Ac3 = 8010C (point A at the curve 1). For very fast heating the modified upper criterial 
temperature Ac3m is distinctly bigger. For  velocity of heating vih = 3000 K/s Ac3m = 10750C 
(point B at the curve 1).  Curve 2 in Fig. 2 represents dependence of Ac1m on velocity of 
induction heating vih. For slow heating Ac1 = 7360C (point C at the curve 2). For very fast 
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heating the modified lower criterial temperature Ac1m is bigger. For  vih = 3000 K/s Ac1m = 
8050C (point D at the curve 2).   The second stage – quenching – makes it possible to achieve 
the requested martensitic microstructure. The resultant hardness depends on the speed of 
cooling. The real character of this dependence can be determined from the Continuous 
Cooling Temperature (CCT) diagram. For steel 41Cr4 in order to obtain uniform martentisic 
microstructure the velocity of cooling should be bigger than 500 K/s and the final temperature 
lower than the martensite finish temperature Msf. During a short break between both stages 
the temperature of the body decreases, but for the surface layer ii  is still higher than Ac3m. 

   
1. Mathematical modelling 

  
In the paper we focus our attention on the spin induction hardening, where the material 

is heated simultaneously by a suitable inductor. We use single and dual-frequency hardening 
systems which allows obtaining the prescribed hardness profile. From the physical viewpoint, 
induction heating is a strongly nonlinear multi-physic process (Fig. 3). The interaction 
between fields are connected mostly with temperature dependences of material properties. 
Electromagnetic and temperature fields were analyzed by means of FEM-based software. The 

total volumetric power density pv consists 
of two components, but the hysteresis 
losses are neglected:  

   v H J p p p                                                   (4) 

    H H ,p p fH                                            (5) 

   

2
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J 
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J
,                                         (6) 

where H denotes the magnetic strength, f 
the frequency,  Jind eddy current density 
and  electric conductivity.   
Dependences of the specific heat cp,  the 
thermal conductivity , and the electric 
conductivity  on temperature are shown in 
Fig. 4 – 6. Dependence (7) of  the relative 
magnetic permeability r on temperature 
for  constH was shown in Fig. 7 [2]. 

   r ( , )  f TH .                                             (7) 

The heat transfer was given by (8) 

      4 4
c ac ar  


      


T

T T T T
n

, (8) 

where cdenotes convection heat transfer 
coefficient, Tac  temperature of convection 
environment,  Stefan constant, 
emissivityTar – temperature of 
radiation environment.  

 
Fig. 3. Algorithm of the computation 
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The computation of temperature field for induction heating terminates when the average 
temperature of the hardening zone exceeds Ac3m. Then temperature field for cooling by 
spraying was calculated. Dependences of the specific heat cp,  the thermal conductivity  and 
convection heat transfer cc on temperature were taken into account. The computation of 
temperature field for cooling terminates when the inequality (9) was satisfied.  

   
C

ft t
T Ms


                                                                                                                                                     (9) 

where tC denotes the time when cooling terminates and Msf means the temperature when the 
martensite transformation is completed. 

And finally hardeness and microstructure distribution were determined and compared 
with measurements. 

 
2. Illustrative Example 
 

The numerical solution of the induction hardening of gear wheels was provided by the 
Flux3D software with some own procedures. An attention was paid to the convergence of 
results in the dependence on the density of discretization meshes for the electromagnetic and 
temperature fields and on the position of the artificial boundary ABCD (Fig.1).  

Basic parameters and dimensions of the system are as follows:  
Gear wheel: teeth number n = 16, width of the tooth ring b = 0.006 m, external diameter  dc = 
0.0356 m,  internal diameter di = 0.0269  m, diameter of the hole  dh = 0.016 m, material: steel 
41Cr4 (its chemical composition is presented in Tab. 1): 

Tab. 1. Chemical composition of steel 41Cr4 
Element C Cr Si Mn Ni Cu P 
% 0.4 1.05 0.24 0.73 0.16 0.16 0.025 

 
 

 
Fig. 4. Dependence of the specific heat on 
temperature 

Fig. 5. Dependence of the electric 
conductivity of temperature 

Fig. 7. Dependence of the relative magnetic 
permeability on temperature  

Fig. 6. Dependence of thermal conductivity 
on temperature  
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MF inductor (upper part of Fig. 8): number of coils - 1, 
external diameter 0.054 m, internal diameter 0.0395 m, height 
0.007 m, length of busbars 0.363 m, distance between them 
0.003 m 
HF inductor (lower part of Fig. 8): number of coils – 1, 
external diameter 0.061 m, internal diameter 0.0395 m, height 
of coil 0.007 m total height (coil + concentrator) 0.021 m, flux 
concentrator: its external diameter 0.0815 m,  
its internal diameter 0.039 m, thickness of 2x0.005 m.  
Sprayer : distance between inductor and sprayer 0.02 m, 
external diameter 0.085 m, internal diameter 0.061 m, 
quenchant: polymer solution.  
Heat transfer parameters: radiation for heating only, the  
temperature of convection and radiation environment Tac =  Tar 
=  200C, the heat transfer coefficient during heating cr = 20 
W/(m2.K), temperature of quenchant Tq = 300C, convection 
heat transfer coefficient during cooling cc = 1200 W/(m2.K),   
Modified criterial temperatures for real heating conditions: 
heating velocity vh = 200 – 400 K/s, Ac3m = 9200C, Ac1m = 
7200C, hardening temperature Th = 9700C, 
Parameters of the induction heating for various cases:  medium 
frequency:  power of the generator: PMF = 60 kW, current IMF 
= 1385 A, heating time tMF =  4 – 6 s, frequency f = 36 kHz, high frequency: PHF = 20 kW, 
current IHF = 500 A, frequency f = 280 kHz,  tHF = 0.6 – 0.8 s,  rotation velocity  vr  = 2 r/s.  
Breaks: between heating and cooling: tB = 0.2 s, between MF and HF heatingtB1 = 0.5 s.  

Below three examples of the induction hardening were presented. First the CDFIH 
process was analyzed for following parameters:  MF heating: tMF = 4 s, IMF = 1385 A,  fMF =  
36 kHz, Break:  tB1 = 0.5s, HF heating:   tHF = 0.7s, IHF = 500A, fHF  = 240 kHz. 

Temperature distribution within the tooth after MF heating is presented on left part of 
Fig. 9. For  tMF = 4 s average temperature within the tooth Tav1 = 4750C, which is sufficiently 
lower than Ac1m. After HF heating the average temperature in the thin hardened zone along the 
working surface of the tooth Tav2 = 9230C. 

And the second and the third case the SFIH process were analyzed for the same current and 
frequency (IMF = 1385 A,  fMF  = 36 kHz; IHF = 500 A,  fHF  = 240 kHz) and for the longer time 
of heating tMF = 6.6 s, tHF = 1.5 s. Temperature distribution after SFIH heating was presented 
in left side (MF) and right side of Fig. 10.  

 

 

Fig. 8. MF inductor (up) and 
HF inductor – sprayer (down) 

 
Fig. 9. CDFIH process. Temperature distribution: MF heating (left) and HF heating (right)  
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For tMF = 6.6 s the average temperature within the tooth Tav = 9350C. Taking into account 
calculated velocity of heating vih = 140 K/s the final temperature was sufficiently higher than 
Ac3m. But it was characteristic the non-uniform temperature distribution. At the top of the 
tooth the average temperature Tavtop = 8200C only. For tHF = 1.5 s the average temperature in 
the thin hardened zone along the working surface of the tooth Tav = 9530C.  Taking into 
account that for the case calculated velocity of heating vih = 620 K/s the final temperature was 
still higher than Ac3m. The temperature distribution in the hardened zone was more uniform in 
comparision with the previous case. Based upon results (Fig. 9 – 10) hardness distribution was 
calculated. Computations were compared with the measurements and quite reasonable 
accordance between them was noticed. Details will be presented during the conference.  
 
3. Summary 
 

The paper presents the SFIH and CDFIH methods applied for induction hardening of 
small gear wheels made of steel 41Cr4. Computations were compared with measurements of 
hardness distribution and the reasonable accuracy was achieved, however for the expected 
contour hardness distribution was  obtained for the CDFIH method only.   
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Self-Adaptive Multimethod Optimization Search Applied to a 
Tailored Heating Forging Process 
 
M. Baldan, T. Steinberg, E. Baake 
 
Abstract 
 

The presented paper shows the use of a self-adaptive multi-objective optimization code 
applied to a “tailored” heating forging process. The choice of the frequency and the time are 
followed by the inductor’s design. Finally, a straightforward optimization is performed in order 
to show how “optimal control” can be applied.  
 
Introduction 
 

Evolutionary algorithms have been successfully applied in the last few decades for 
solving optimization and design problems of electromagnetic devices [1]. The goal is to 
determine values for model parameters that provide the best trade-off in the case of multiple 
conflicting objects. We consider a multi-objective optimization problem, with n decision 
variables: x = (x1,…xn) and m objectives: f(x) = (f1(x),…, fm(x)) subject to gi(x) ≤ 0 i = 1,2,...,r 
and hi(x)=0 i =1,2,…s. The presence of multiple objectives give rise to a set of Pareto-optimal 
solutions, instead of a single solution. A Pareto-optimal solution is one in which one objective 
cannot be further improved without causing a simultaneous degradation in at least one other 
objective. 

Currently, the non-dominated sorted genetic algorithm (NGSA-II) [2] has received the 
most attention because of its simplicity and demonstrated superiority over other methods and it 
has been widely used in the design of electromagnetic devices [3]. Particle Swarm Optimization 
(PSO) [4] is a heuristic search technique that simulates the movement of a flock of birds which 
aim to find food. The relative simplicity of PSO and the fact that it is a population based 
technique have made it a natural candidate to be used in design problems [5]. On the other hand, 
in computational electromagnetics, applications and also modifications of Biogeography-Based 
Optimization (BBO) are an emerging new field of research [6]. However, it has been proved 
that it is impossible to develop a single algorithm that is always efficient for a diverse set of 
optimization problems [7]. 

Inspired by the work of Vrugt et al. [8], we present an optimization procedure which 
combines the concepts of simultaneous multimethod search and self-adaptive offspring 
creation. We intend to apply this innovative optimum search not only to few benchmark 
problems but also to a real inductor’s design case addressed to tailored heating applications. 
 
1. Proposed optimization method 
 

The algorithm here used is a modification of the algorithm AMALGAM proposed by 
Vrugt et al. [8]. We’ll call it, for the sake of simplicity, AMALGAM*. In Figure 1 is shown the 
main procedure of the optimization code. The algorithm is initialized by using a random 
population P0 of size N. Then, to each parent is assigned a fitness value based on the non-
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dominated sorting mode [2]. The population of offspring Q0 
= {𝑄 , … , 𝑄 }, is implemented using k individual algorithms 
instead of using a single operator. The chance that one 
offspring is generated by the k-th algorithm is proportional to 
the “specific probability” k-th of the algorithm itself. If at the 
beginning each algorithm has the same “specific probability”, 
at each generation, the values are updated according to the 
success that algorithms have in producing offspring. The idea 
of using the “specific probability” is an original contribution 
of the authors. After offspring’s creation, a combined 
population 𝑅 = 𝑃 ∪ 𝑄  of size 2N is created and ranked 
using the non-dominated sorting mode. The N members for 
the next population are chosen according to the rank and the 
crowding distance of the 2N elements of R0. The new 
population P1 is then used to create offspring using the 
already described procedure. This step algorithm is repeated until convergence is reached.  
If the vector {𝑆 , … , 𝑆 } indicates the “specific probability” at t generation, {𝑁 , … , 𝑁 } is 
the number of offspring that, at the previous generation, each algorithm generated and, 
{𝑃 , … , 𝑃 } stands for the number of offspring, produced by the k-th algorithm, which appear 
in the current population, the “specific probability” has been calculated as follows(1): 

𝑆 =
∑

        (1) 

In order to avoid inactivating algorithms, the minimum “specific probability” value was set to 
0.1. In AMALGAM*, we adopted three different algorithms for generation offspring: Non 
dominated sorting genetic algorithm NGSA-II [2], Multi-objective particle swarm optimization 
MPSO [4], Multi-objective biogeography-based optimization MBBO [6,9]. 
NGSA-II uses simulated binary crossover (SBX) and polynomial mutation to create offspring. 
In the case of MPSO, let �⃑� (𝑡) denote the position of the h-th particle at the iteration t, the 
position of the particle is changed by adding a velocity �⃑� (𝑡) to the current position: 

�⃑� (𝑡) = �⃑� (𝑡 − 1) + �⃑� (𝑡)      (2) 
The velocity vector reflects the socially exchanged information. In the case of MPSO, 

since there is not – like in the single objective case – a best solution,  the “best” particle is a 
random one extracted from an external archive which contains the best ‖exp(𝑒 ) ‖ non-
dominated particles (particles are sorted by rank and crowding distance). The best particle’s 
position ever is instead updated when the particle is dominated of if both are incomparable (they 
are both non-dominated with respect to each other).  

In MBBO each solution considered is treated as habitat. The offspring are generated by 
means of two stochastic operators: migration and mutation. Migration is supposed to improve 
“bad” habitats (which have bad fitness) by sharing features from “good” habitats. Mutation 
modifies some randomly selected habitats in view of a better exploration of the design space. 

In case of constrained optimization, if an offspring (particle) violates one or more 
constraints in the design space, objective functions are not evaluated. What it is calculated is 

the “violation”, i.e. 𝑣 = ∑ max 0, 𝑔 (𝒙) + ∑ ℎ (𝒙) . Each feasible solution has a 

better fitness than every other unfeasible solution. Unfeasible solutions are ranked on the basis 
of their 𝑣 : the smaller 𝑣 , the better the fitness. 
 
2. Numerical test 
 

In this section we intend to test AMALGAM* applying it to four analytical cases. We 
adopt the metrics used in [10] to quantify the performance of the proposed algorithm. We 

Fig. 1. Flowchart of the 
proposed algorithm 
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evaluate the error between the approximated and exact one, both in the Pareto front (objective 
function space) and its correspondent inverse image (variable space). Considering Nfr 
individuals with the lowest rank final front, the geometric distance between each h-th point x = 
(x1,…xn) and its inverse image is: 

𝑑 , = ∑ 𝑥 , − 𝒇𝒊
𝟏(𝑥 , , … 𝑥 , )       (3) 

Where 𝒇𝒊
𝟏 is the i-th component of the inverse image of the Pareto front.  

While, in order to evaluate the error in the objective space, in the case of two objective 
functions: 

𝑑 , = 𝑓 , − 𝒇𝟐,𝒌(𝑓 , )        (4) 
 
With 𝒇𝟐,𝒌 is given the exact expression of the Pareto front. The rms error value of the Nfr 
distances is evaluated in order to compare the performances.  
The so called “relative” crowding distance has been also calculated for both the objective and 
variable spaces. The average “relative” distance of Nfr individuals in the variable space is: 

𝜎 = ∑  
( ) ( )

( ) ( )
=

√     (5) 

An analogous expression is used in the objective space, where n is substituted with m (the 
space’s dimension). The average relative distance is called here 𝜎 . 
In the variables space, the relative distance between the h-th and the j-th individuals, both in 
the front, is:  

𝑑 (ℎ, 𝑗) = ∑  
, ,

( ) ( )
  ℎ ≠ 𝑗   (6) 

Again, for the objective space, it’s just sufficient to substitute n with m and x with f. 
The crowding of the front in terms of design variables cwx(h) is the number of individuals, j-th, 
which are closer to the individual h-th than the threshold  𝜎 : 

𝑐𝑤 (ℎ) =  ∑ 𝑈 ,    with 𝑈 ,  = 
1     𝑖𝑓 𝑑 (ℎ, 𝑗) < 𝜎  

0    𝑖𝑓 𝑑 (ℎ, 𝑗) ≥ 𝜎  
 

Also here there is a correspondent definition for the objective space. 
 
2.1 Test functions 
 
We considered four unconstrained test functions [2,10,11] which are summarized in Table 1:  

 n 
Variable 
bounds 

Objective functions 
Optimal 
solutions 

Pareto front 

A 2 [0,2] 
𝑓 = 𝑥 + 𝑥  

𝑓 = (𝑥 − 1) + (𝑥 − 1)  
𝑥 =𝑥  𝑓 = 𝑓 − 2 2𝑓 + 2 

B 3 
𝑥 ∈ [0,1] 

 𝑥 , 𝑥 ∈ [−1,1] 

𝑓 = 𝑥 +
2

3
[𝑥 − sin(6𝜋𝑥 + 𝜋)]  

𝑓 = 1 − 𝑥 + 𝑥 − sin 6𝜋𝑥 +
2

3
𝜋  

 

𝑥 = sin 6𝜋𝑥 +
𝑖𝜋

𝑛
 

 
𝑖 = 2, . . , 𝑛 

𝑓 = 1 − 𝑓  

C 
3
0 

[0,1] 

𝑓 = 𝑥  

𝑓 = 𝑔(𝑥)[1 − 𝑥 𝑔(𝑥)⁄ ] 

𝑔(𝑥) = 1 + 9( 𝑥 )/(𝑛 − 1) 

𝑥 = 0 
𝑖 = 2, . . , 𝑛 𝑓 = 1 − 𝑓  

 
1
0 

𝑥 ∈ [0,1] 

 𝑥 ∈ [−5,5],
𝑖 ≠ 1 

𝑓 = 𝑥  

𝑓 = 𝑔(𝑥)[1 − 𝑥 𝑔(𝑥)⁄ ] 
𝑔(𝑥) = 1 + 10(𝑛 − 1) 

+ [𝑥 − 10cos (4𝜋𝑥 )] 

 
𝑥 = 0 

𝑖 = 2, . . , 𝑛 
𝑓 = 1 − 𝑓  

Tab. 1. Test functions: T1, F2, ZDT1, ZDT4. 
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Test Pop Gen Code 𝐞𝐫𝐫𝐫𝐦𝐬(𝐱) 𝐞𝐫𝐫𝐫𝐦𝐬(𝐟) 
A 20 20 NGSA-II 0.205 0.068 
   AMALGAM* 0.0819 0.0202 

A 20 50 NGSA-II 0.125 0.0333 
   AMALGAM* 0.0497 0.0118 

B 20 50 NGSA-II 0.478 0.332 
   AMALGAM* 0.186 0.0511 

B 20 100 NGSA-II 0.408 0.3086 
   AMALGAM* 0.1377 0.0285 

C 100 200 NGSA-II 0.914 0.698 
   AMALGAM* 0.0633 0.0398 

D 100 300 NGSA-II ** ** 
   AMALGAM* 0.4982 0.1838 

Tests were performed with 20 different starting populations. Here we present the 
average (over the 20 cases) rms error in both variable and objective spaces, as the most 
representative indicator in the ability to identify the Pareto front. 

With “Pop” and “Gen” we refer respectively to population’s individuals number (called 
it N before) and to the generations’ number. In other words, we decide a priori the number of 
calls of the objective functions. 

In every case AMALGAM* shows an evident superiority compared to NGSA-II. In the 
case D (**), at every attempt, the code NGSA-II failed the convergence to the real Pareto front.  
We show here more in details the results in case of test A. 

Table 2. Comparison of rms error in the variable and objective space 

Figure 2. Comparison between calculated and true Pareto front in the objective (A) and 
variable (B) spaces with Pop=20 and Gen=20. Crowing distances in f space with NGSA-II 
(C) and AMALGAM* (D) 
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A better ability of exploiting the Pareto front is shown by AMALGAM* compared to 
NGSA-II. Especially in the left side, results obtained with NGSA-II don’t cover the overall 
extension of the Pareto front. This fact is visible in the calculation of the crowding distance: 
particles amass much more in the case of NGSA-II (see Figure 2). 
 
3. Tailored heating 
   

In literature the concept of “Tailored heating” refers to an innovative heating approach 
which is addressed to forging processes [12]. Forging a billet from an initially “simple” 
geometry to a part of “complex” geometry may require several preform stages. In each stage, a 
pair of dies must be designed and manufactured. Subsequently, a series of mounting and 
dismounting die-inserts must be performed in the preform stage. This is often time consuming 
and costly. Consequently, the die forging of parts with complex geometry is only cost effective 
for large-batch production. Guo et al. [13] and Kayatürk et al. [14] proposed a thermal 
differential flat-die forging process, in which the parts of the forging billets which are supposed 
to have a high material flow are heated up to hot forging temperature. Parts which are supposed 
not to have such high material flow are at “colder” temperatures like 800-900 [°C]. This 
contains the basic idea of “Tailored heating”. 

The work-piece under analysis is a 42CrMo4 carbon steel billet with 474 [mm] length 
and 30 [mm] diameter. The problem aims to heat up the billet with a desired temperature profile: 
two “hot” zones with a uniform temperature of 1200 [°C] alternate with three “cold” zones 
which are supposed to reach a uniform temperature of 900 [°C]. It was considered a coupled 
electromagnetic-thermal model for the field analysis with the package ANSYS®.  
The design of an inductor which is able to provide the afore described temperature profile is 
the topic of this work. It represents a challenging task in which AMALGAM* has been applied. 
 
3.1 Choice of frequency and heating time  

We want to understand which frequency- heating time couple best fits to our purpose. 
In [12] good results have been reached using a frequency of 4 kHz and a heating time of 70 
seconds. We consider for simplicity a 1D model (Figure 3), in which the inductor is a massive 
piece of copper and the billet is substituted with a work-
piece whose thickness is equal to the billet’s radius. 

Our intention is to obtain a uniform temperature of 
1200 [°C]. Two objective functions are evaluated: the 
maximum deviation, at the end of the heating, along the line 
A-B (see Figure 3) from 1200 [°C] and the energy 
consumption (7). A fixed current is applied for the entire 
duration of the heating. 
 

f = max|T(𝑙 , t ) − 1200°|  
f = ∫ 𝐸 𝑑𝑡

 
     (7) 

Three design parameters are under investigation: heating time (t), frequency (f) and current (I) 
(Table 3). Values of current don’t have a real physical meaning because we are referring to a 
1D model. 

Figure 4 summarizes the results of optimization 
after 100 generations with a population of 20 
individuals. While AMALGAM* shows a greater 
ability in exploring the Pareto front compared to the 
results obtained with NGSA-II, the minimum value of 
f1 is practically the same (see Table 4). 

Fig. 3. Geometry of the model 

t f I 
40-70 [s] 4-7 [kHz] 4-7 [kA] 

Tab. 3. Parameters to be optimized 

F E 
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As expectable, the maximum homogenization is obtained with longest time and the 
smallest frequency. What is interesting to see, is that, moving along the Pareto front, with a 
frequency of 4 [kHz] and a heating time of 63 [s], f1 values 55°C, which is only 5°C more than 
the found optimum with minimum f1. On the other hand, the energy consumption is in this case 
1655 [Wh] (1.6% less) and the time is drastically reduced. For this reason, we adopt a frequency 
of 4 [kHz] and a heating time of 63 [s]. In Figure 5 instead are shown the trends of the “specific 
probability” during the 100 generations of the three optimization algorithms used in 
AMALGAM*. If at first NGSA-II and MBBO are dominant, the Particle Swarm shows a better 
ability in exploiting the Pareto front. That’s why it has the maximum specific probability in the 
last generations. 

 
3.2 Inductor’s design  

The next step is the design of the inductor. Since it’s very difficult to define a priori the 
inductor’s configuration (number of turns, air gaps between them…), in the model proposed 
the inductor is substituted by five nonconductive areas in each of them a uniform current density 
is applied. In order to speed up the solution, the numerical model consists of one fourth of the 

Fig. 4. Approximated Pareto front 

Tab. 4. Point with the minimum value of f1 (heating accuracy) 
Minimum f1 

 t [s] f [kHz] I [A] f1 [°C] f2 [Wh] 
NGSA-II 69.8 4 4634 50.9 1682 

AMALGAM* 70  4 4626  50.0 1681 

Fig. 5. Specific probability of NGSA-II, MPSO and MBBO during the 100 generations 
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system (Figure 6). As design variables, the length li and the current 
density ji applied to each area are considered. l0 indicates the 
position of the first area from the middle of the billet. In total 11  
variables are under analysis: 

The aim is to obtain a uniform temperature of 1200 [°C] in 
the hot zone and 900 [°C] in the cold ones. As visible in Figure 6, 
we don’t take into account the temperature between different zones, 
in a transition zone 15 [mm] long.  

Three objective functions are evaluated: 
 

f = ∑ |T(𝑥 , 𝑦 , t ) − 900°|  
f = ∑ |T(𝑥 , 𝑦 , t ) − 1200°|  
f = ∑ |T(𝑥 , 𝑦 , t ) − 900°|    (8) 

 
Each objective function is the sum of the differences 

between the desired and calculated temperature in a particular zone 
at the end of the heating. The huge number of variables require a 
great amount of goal functions’ evaluations. A population of 40 
individuals after 70 generations has given these results in terms of 
goal functions (Fig. 7): 
 

 
 

For the design of the inductor we consider the closest solution to the “utopia” point 
(Table 6). 
 

 

l0 l1 [mm] l2 l3 l4 l5 
1-10 20-60 5-20 70-150 5-40 40-150 

 j1 [A/m2] j2 j3 j4 j5 
 0.5-1 107 0.1-0.8 107 0.8-1.35 107 0.1-0.9 107 0.6-1.3 107 

Tab. 5. Design variables in the inductor’s design problem 

Fig. 6. Geometry of the 
model 

Fig. 7. Results of optimization after 2800 goal functions evaluations 

 l0 l1 l2 l3 l4 l5 f1 f2 f3 
[mm] 2.4 20.1 12.9 114.0 18.4 109.5 25.45 

103 
[°C] 

65.17 
103 
[°C] 

11.45 
103 
[°C] 

  j1  j2 j3 j4 j5 
[A/m2]  0.999 

107 
0.129 
107 

1.118 
107 

0.433 
107 

0.798 
107 

Tab. 6. Best solution for the inductor’s design. 
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3.3 Real inductor 
As already done in [12], we need to “translate” this configuration in 

a real inductor. Each area could be seen as one turn coil. For designing the 
real inductor, assuming a series connection between turns, it’s possible to 
convert every one-turn coil in an equivalent multi-turns coil using the 
Ampere’s law. The total equivalent current (current density times area) 
which flows in each area is visible in Table 7. 

I1 I2 I3 I4 I5 
 2008 [A] 166 [A] 12745 [A] 797 [A] 8738 [A] 

The number of turns in each zone has been chosen as follows: 2 in 
the first, 7 in the second and 6 in third. In total there are 15 turns in a half 
inductor, which are equally distributed in each area. The resulting 
temperature profile is bell-shaped at the centre of the “hot” zone due to the 
fact that there the magnetic field is maximum. For this reason, a new sub-
optimization is performed, in which, the positions of the turns are modified 
in order to get a more satisfying temperature profile. In this case 13 variables 
are under analysis: the y positions of the first 12 turns plus the (assumed) 
constant distance of the last three turns (see Figure 8).  
Since the overlapping between turns is not allowed, we’re looking at a 
constrained optimization case. We set a minimum distance between turn and 
turn of 1 [mm]. Using a coil with an external diameter of 10 [mm], the 
following inequalities must be true: 

y − y ≥ 11 mm with i = 1,...,11    (9) 

In Table 8 the variables’ domains and the solution which best meets 
our purposes are summarized. Goal functions are the same that have already 
been used (8). A population of 30 individuals had been run for 100 generations. The total 
number of evaluations is 2384 for the NGSA-II and 2375 in the case of AMALGAM*. 

 

Tab. 7. Total equivalent current 

Fig. 8. Geometry of 
the real inductor’s 
optimization 

Tab. 8. Design parameters and best solution obtained. 

 y1 y2 y3 y4 y5 y6 y7 y8 y9 y10 y11 y12 Lf 
Min [mm] 8.5 38 50 64 80 95 110 127 142 165 190 210 18 
Max [mm] 12 43 60 74 90 105 125 140 155 180 201 225 26 
Best [mm] 9.5 40 55.4 68 85.5 100.7 118.5 133.5 144.5 169.8 195.7 217.1 22.0 

Fig. 9. Results of optimization in the real inductor case 
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Figure 10 shows the temperature 
distribution along the length evaluated 
in the centre and in the surface in the 
case of what we consider the best 
“solution”. We preferred a solution in 
which f2 is pretty low rather than f1 and 
f3. 
 
3.4 Optimal control 
In this last section we intend to apply 
the concept of optimal control to the 
already designed inductor. Typically, 
optimal control applications are 
performed with a defined voltage. 
Since in this work we have always thought in terms of current, also in this part we assume the 
current as input parameter. In the inductor’s optimization a current of 1230 [A] was given. 
Supposing we can provide a maximum current of 1500 [A] – limit given by the maximum 
power available for example – we would like to investigate, reducing the heating time, how the 
energy consumption varies with the heating accuracy. The heating process is simply 
characterized by one interval with given current and one soaking interval.  

In summary, the intervals in which vary the two design variables are summarized in 
Table 9. 

Here, the goal functions are: 
f =  f + f + f    

f = ∫ 𝐸 𝑑𝑡         (10) 

Where f1, f2, f3 are the objectives shown in (8). Since an excessive overheating of the billet 
would be not acceptable, a maximum admissible temperature of 1300 [°C] was set. If during 
the heating, any point of the billet overcomes 1300 [°C], the solution is considered not feasible. 
Figure 11 shows the Pareto fronts’ trend in the case of both, NGSA-II and AMALGAM*, with 
a population of 30 individuals, after 50 generations.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

The estimated Pareto front obtained with AMALGAM* dominates the NGSA-II’s one. 
The best heating accuracy (minimum fA) reached by the two codes is shown in Table 10. In the 
“normal” heating mode described in the paragraph 3.4, fA would value 100671 [°C] and fB 355.8 
[Wh]. If on one side the results of optimal control don’t bring any improvement in terms of 
heating accuracy, on the other hand, with a small worsening of the temperature profile, an 
important reduction of time and energy consumption could be obtained. 

 

Fig. 10. Temperature profile along the length at the 
surface and in the centre 

tON tOFF 
30-65 [s] 0.1-15 [A] 

Tab. 9. Possible intervals for 
heating and soaking time 

 tON [s] tOFF [s] 
NGSA-II 42.0 6.6 

AMALGAM* 41.4 5.5 
 fA[°C] fB [Wh] 

NGSA-II 109342 353.0 
AMALGAM* 108882 350.2 

Tab. 10. Minimum value of fA 
with the two codes. 

Fig. 11. Objective functions after 50 generations 
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Conclusions 
 

Using a multimethod optimization search has been found to be a more successful 
solution in both test and real cases compared to the well-known NGSA-II. Even if in this work 
the performances were compared in the case of same number of field evaluations, the main 
advantage of AMALGAM* is the reduction of the computation time especially in real case 
problems. 
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Abstract 
 

This work is the study of one particular candidate for white etching crack (WEC) 

initiation mechanism in wind turbine gearbox bearings: discharge current impulses flowing 

through bearing steel and associated thermal stresses and material fatigue. Using data/results 

from previously published works, the authors develop a series of models that are utilized to 

simulate these processes under various conditions/local microstructure configurations, as well 

as to verify the results of previous numerical studies. Presented models show that for the 

parameters used herein, the resulting stresses are several orders of magnitude below the 

fatigue limit. Results and analysis of models provided by Ščepanskis, M. et al. also indicate 

that certain effects predicted in their previous work resulted from a physically unfounded 

assumption about material thermodynamic properties and numerical model implementation 

issues. 

 

Introduction 
 

WEC formation is a common yet poorly understood fatigue failure mode in machinery 

components subject to cyclic and/or transient loads. WEC occurrence is widespread, but it is 

especially frequent in wind turbine gearbox bearings. These undergo breakdowns much 

earlier than predicted by rolling contact fatigue (RCF) models, which implies that other 

factors are also responsible for shorter bearing lifetimes (6-24 months VS the desired 20 

years). WEC initiating factors and mechanisms of formation are still unclear. 

There exist several hypotheses proposing different bearing failure mechanisms leading 

to WEC. However, even though recent experimental results have narrowed down the list of 

potential WEC responsible factors, the reasons for premature failure are still unclear [1]. 

Moreover, in contrast with extensive experimental research, very few theoretical or modelling 

works have been published to date [1], most of which deal with crack development, not 

initiation and attempt to explain how WECs are formed, which could be one of the symptoms 

of bearing failure, not initiators as was previously believed [2].  

It has been proposed that electrothermally generated stress is concentrated at defect 

sites, such as carbide inclusions, due to discharge current generated Joule heat where current 

flows around defects [1, 3]. With that in mind, the authors present the development of a model 

for thermal stress accumulation within the steel structure due to discharge currents known to 

flow through bearings during operation. 

 

1. General Modelling Framework 
 

One must note that currently there is little to no information regarding the range of 

magnitudes of stray currents in operational gearboxes. There exist hypotheses as to the origins 

of these discharges, but none have been verified with certainty. However, rig tests by where 
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cyclic loads were combined with artificially applied voltages across bearings [2, 4] provide 

grounds for initial attempts to ascertain the magnitude of current induced stresses without 

delving into the details of current generation/propagation. 

Models presented herein assume a spherical carbide inclusion (“grain”) within the 

otherwise homogeneous martensite phase steel structure by default, with various model to 

model modifications (discussed below). A thin relatively heightened thermal/electric 

resistance interface layer between the grain and the surrounding structure commonly seen in 

alloys is accounted for. Discharge current is assumed to flow through a straight cylindrical 

channel containing the carbide grain. 

In light of the work by Ščepanskis et. al. [3], presented models will match material 

parameters used therein for verification purposes. Discharge duration (tdis )/delay (tdel ) are 

1 μs and 100 μs respectively loosely based on the data obtained by Loos et al. [4], which is 

used as a reference due to lack of information about the actual discharge times in wind turbine 

bearings. All presented calculations are based on parameters in Tab. 1. 

Tab. 1. Martensitic steel/carbide grain relevant parameters 

Parameter, units 
Martensite 

phase steel 

Carbide 

grain 

Material 

Boundary Layer 

𝜍, electric conductivity, S/m 1 x 10
7
 1 x 10

5
 1 x 10

5
 

𝑘, thermal conductivity, W m
-1 

K
-1

 50 1 0.01 

𝑐𝑝 , specific heat capacity, J kg
-1

 K
-1

 400 600 600 

𝛼, thermal expansion coefficient, K
-1

 1.5 x 10
-5

 7.6 x 10
-6

 N/A 

𝜌, density, kg/m
3
 7500 7500 7500 

𝐸, Young's modulus, Pa 2.1 x 10
11

 1.9 x 10
11

 N/A 

𝜈, Poisson ratio, none 0.3 0.32 N/A 

 

Boundary layer thickness is assumed to be 0.01 μm. Note that only rough estimates of 

the boundary layer parameters are available. Since the model only deals with an isolated 

defect, the surrounding structure is assumed to be regular in the sense that grains are spaced 

by separating distances of 10 μm (some of the longest seen in micrographs) in an array of 

“cells” where a grain is surrounded by steel matrix, current channel being directed through the 

cell. Grain radius is set to rg = 0.5 μm, current density is set to 108  A/m2 throughout the 

discharge period.  

 

2. Proposed Models 
 

2.1. Analytical Model 

Proposed model hierarchy schematic representation is found in Fig. 1. First, a 

simplified analytical model is constructed. Its purpose is twofold: first, it provides order of 

magnitude estimation and approximation of profiles of temperature distribution and 

accumulated thermal stresses (time evolution) within the domain of interest to later verify 

numerical model results; secondly, it assists in numerical model definition and establishment 

of validity bounds.  

The assumption is that when current flows around a spherical defect, Joule heat output 

is concentrated near the grain/steel boundary along grain equator. Current density magnitude 

at the equator is estimated from the discharge channel (radius rc) base/grain restricted cross 

section areas’ ratio for rc/rg  close to 1. Due to rotational symmetry with respect to current 

channel axis, temperature profile time evolution is solved for using a one dimensional radial 

line (coplanar to heat source) approximation, wherein two domains are considered – grain and 
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steel, where a point-like Joule heat 

source is placed at the interface. 

Material boundary layer thermal 

resistance is not accounted for. To 

further simplify the problem, it is 

solved separately for each domain 

on a semi-open interval. Stresses 

are obtained similarly, but from 

three dimensional equations 

wherein the temperature profile is 

used as input. Isotropic materials 

and small strains are assumed. This 

means that the model will 

overestimate temperature/stresses 

by some margin while maintaining 

orders of magnitude.  

The initial conditions are 

293.15 K uniform temperature field and stress-free material. The heat transfer problem is then 

solved to yield the following temperature function T r, t  and subsequently stress profiles 

σ r, t  via thermoelasticity equations  

 

𝑇 𝑟, 𝑡 =
𝑔

2𝑎2
  2𝑎2𝑡 + 𝑟2 ⋅ 𝑒𝑟𝑓𝑐  

 𝑟 

2𝑎 𝑡
 − 2𝑎 𝑟  

𝑡

𝜋
⋅ 𝑒𝑥𝑝  −

𝑟2

4𝑎2𝑡
                              (1) 

𝜍𝑟𝑟  𝑟, 𝑡 = −
2𝑓

𝑟3
⋅ 𝐹 𝑟, 𝑡 ;   𝜍𝜃𝜃  𝑟, 𝑡 = 𝜍𝜑𝜑  𝑟, 𝑡 = 𝑓  

𝐹 𝑟, 𝑡 

𝑟3
− 𝑇 𝑟, 𝑡                           (2.1) 

𝐹 𝑟, 𝑡 =  𝑟2𝑇 𝑟, 𝑡 𝑑𝑟

𝑟

0

                                                                                                                    (2.2) 

 

Here g, a r , f r  contain electric, thermal and mechanical parameters of materials and 

are assumed to be constant in time and space within respective domains. In this case, the 

abovementioned grain cell dimension is 5.5 μm, where the heat source is at r = 0 μm, grain 

center is at r = −0.5 μm, cell boundary is half the grain separation distance away from origin, 

at r = 5 μm. 

 

2.2. Numerical Models 

COMSOL Multiphysics 5.3 environment is used for finite element modelling 

throughout this work. Three modules are utilized – AC/DC (solves for electric potential), Heat 

Transfer (temperature) and Structural Mechanics (displacement field), all of which are 

coupled. These then compute current distribution and Joule power output over domain of 

interest, resulting temperature and stresses, as well as other derived physical quantities. 

Meshes are very fine (0.005 − 0.02 μm element size) near the grain and are coarsened further 

away (element growth rate is tailored for each model). Lines indicated by (x) in Fig. 2 

designate extra mesh refinement areas that are adapted to channel width changes. 

The first model is the toroid heat source along grain equator (Fig. 2.1). The source is 

artificial – here it is not calculated from current distribution, but rather its intensity matches 

Fig. 1. Model hierarchy schematic representation 
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that of the analytical model. Toroid diameter is set based on 

rc/rg  value from the analytical model. Computation results are 

then compared against analytics to check for consistency. 

The next step is the actual discharge model (Fig 2.2). 

Here current influx is set at the upper end of the channel 

whereas the other one is grounded. This model comes in two 

variations – with/without material boundary layer. This is used 

to investigate material boundary layer influence on stress 

accumulation. Again, to verify model validity, the one with no 

boundary layer is parametrically studied to check whether or not 

and how strongly it is related to the above verification models. 

Specifically, current channel radius is varied to see if the 

discharge model converges to the toroid source model as 

channel radius tends to that of the grain. 

 Afterwards, this model is further upgraded to three 

variations: two different configurations where a defect 

consisting of two adjacent grains is modelled (Fig 2.3 and its 

counterpart configuration, which is 3 dimensional; see Fig. 1) to 

investigate proximity effects (grain separation distance is 

varied); the other is an attempt at martensitic structure modelling 

(Fig 2.4) where martensite „sheets” are placed in proximity to 

the grain and respective boundary layers are accounted for.  

Model 1 is 2-dimensional, axially (left boundary) symmetric. The outer boundary is 

electrically/thermally insulated and set as freely mechanically displaceable. This also applies 

to models 2, 3, 4. In 1, the heat source is set as a circle of a very small radius. Models 2, 3, 4 

include a discharge channel (a narrow rectangle of variable radius with grains inside) with an 

electrically insulated boundary. Model 3 contains two grains (separation distance variable). 

Model 4 represents an attempt to model the interaction of grains with martensitic steel “sheet” 

shaped domains; specifically, it models the effect of physical contact on stress accumulation 

near the carbide grain. For these reasons the problem is reduced to an axially symmetric 2-

dimensional. The five long radiating lines in Fig 2.4 indicate sheet boundaries. 

 

3. Results and Analysis 
 

First, the analytical model is used to estimate temperature/stress distributions within 

the grain and the surrounding steel (Fig. 3). 

 

Fig 2. Numerical model 

geometric configurations 

Fig 3. Temperature difference (left) and von Mises stress (right). Shown are the 0.01, 0.05, 

0.1, 0.3, 0.5, 0.7, 1 μs timesteps. Temperature and stress increase monotonously in time 
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Note that the temperature difference (from here on simply „temperature”) and von 

Mises stress (from here on simply „stress”) maxima are just outside the grain boundary. The 

model clearly indicates that current induced overheating and stress levels are miniscule, about 

80 μK and 250 Pa respectively. Stress is predicted to be compressive with respect to the 

grain. Obviously, profile shapes farther away from the grain surface should be percieved as 

simple scetches as magnitudes thereof are expected to fall off more rapidly with distance. 

Next, the model is used to determine the effective heat impulse propagation time to the 

adjacent cell boundary. This is important because it indicates whether or not adiabatic 

external boundary conditions are well suited for numerical models in terms of potentially  

introduced errors. This characteristic timescale was found to be τ = 1.5 μs, which exceeds the 

discharge duration. Given the temperature overestimations introduced by the model, this value 

has a safety margin. Thus, numerical model dimensions will match those proposed in the 

above sections without risking considerable errors due to heat impulse „rebound”. This also 

justifies the use of mechanically free external boundary in numerical models. Nevertheless, all 

numerical models were also tested by doubling exterior dimensions – the results differed at 

most by 2%. 

As a consistency check numerical model 1 is run, indicating that COMSOL 

simulations are in order of magnitude agreement with the analytical calculations (Fig. 4). The 

rates of temperature/stress buildup are also consistent, given the differences. 

Temperature profile asymmetry is also 

quite similar to that predicted analytically, with 

the expected difference in magnitude decrease 

over distance. Temperature buildup and stress 

are concentrated just outside the grain as 

predicted. Clearly, for such small temperature 

variations and stresses, the temperature 

dependence of σ and thermoelastic damping can 

be neglected and the small strain approximation 

is valid. Nevertheless, all numerical models are 

tested and indicate that these effects are in fact 

irrelevant.  

Model 2 is first run for a single grain 

with/without a boundary layer. Initial channel 

width is set to dc = 1.5 μm (the default value 

for subsequent models). Current is shown to 

concentrate near grain equator, as initially 

thought (also seen in [3]), forming a heat source 

similar in shape to a toroid, which hints at a 

relationship between this model and the two 

described above. Indeed, varying dc  shows that 

as it tends to that of the grain the model 

converges to the toroid model in the sense that 

temperature and stress radial profiles become 

increasingly similar, almost to the point of 

matching in shape and magnitude. 

It is found that even a very thin material 

boundary layer has a considerable impact on 

temperature field evolution for such time scales as evident from Fig. 5. In abscence of the 

boundary layer the grain quickly overheats, but in the opposite case there is a very steep 

gradient about the boundary (Fig 5d, 5e). It should be noted that Fig. 5e closely resembles the 

Fig. 4. Numerical model 1 results. Grain 

boundary is at 0.5 μm, as indicated by a 

vertical line. Temperature (left) and stress 

(right) are plotted along heat source 

coplanar grain radial line 
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analytical model solution. 

This is no coincidence, 

since solving for two 

domains separately has the 

same effect as placing an 

infinitely resistive thin layer 

inside the two material 

interface and more heat is 

transported further away 

from the grain, reducing the 

rate of temperature decrease 

over distance. 

Fig. 5c shows the 

resulting stress field. 

Material boundary layer 

presence results in a ~ 10% 

stress magnitude increase. 

Note the two regions above 

and below the grain that are 

in contrast with the high stress zone. These correspond to stagnation zones where very little 

current flows. 

Simulations indicate that the grain is generally being stretched along channel axis and 

compressed in axis orthogonal plane containing the grain equator. As in the above models, 

stresses monotonously increase over time. Calculated volumetric strain and stored elastic 

energy values are negligible.  

A parametric study where dc  is varied (1 − 2 μm) with 

fixed total current or fixed current density shows that in the 

former case narrower channels produce higher stresses while in 

the latter the outcome is the opposite with ~ 20% changes in of 

stress magnitude. All tests result in stress patterns similar to the 

default (Fig. 5c) case. Boundary layer parameter variations 

indicate strong sensitivity to its thermal resistance. From here 

on, all models are implemented with material boundary layers 

enabled.  

Next, model 3 is run. Current flow stagnation zone is 

observed between the grains, but otherwise the pattern around 

each grain is similar to the single grain case. Proximity effect 

manifests as additional stress accumulation (Fig. 6) due to heat 

„entrapment” between the two grains (maximum stress values 

are still just outside the grain boundary near grain equator). 

Grain separation distance parametric study indicates that the 

maximum stress magnitude increases ~twofold as the distance 

decreases from the initial 0.5 μm to 0 μm. Here the grains are 

stretched in opposite directions away from the proximity zone 

and compressed in every other direction.  

The model where the two grains are placed in the channel cross section plane yield 

similar results, where extra stress is accumulated between the grains due to current density 

relative increase as well as proximity effect. Here stress values are ~ 15% greater. 

Finally, model 4 is run. It evident seen that sheet/sheet boundaries act to confine 

current flow (Fig. 7a) to an increasingly narrow channel and near the grain boundary it is 

Fig. 6. Stress field resulting 

from grain proximity. 

Grain separation is 0.2 μm; 

dc = 1.5 μm; current flows 

from top to bottom 

Fig. 5. Temperature field (a,b), radial line temperature (d, e) 

and stress field (c). Boundary layer is present in (b, e)  
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forced through a very small 

volume close to grain/sheet 

boundaries (Fig 7.b). One must 

note that this is only true for 

material boundary layer σ values 

less than or close (in Fig 7. – 

equal) to that of the carbide 

grain, as indicated by parametric 

studies. This results in a number 

of zones where very high 

amounts of heat are generated 

near and beneath the grain 

surface, especially in the latter 

case, where as a consequence 

grain volume overheat relative to 

the exterior steel matrix is very 

pronounced: the temperature 

maximum is within the grain 

volume (Fig 7c, 7d), as opposed 

to the previous cases. Carbide 

grain has the lower α value, so 

stress is still concentrated just 

outside of the grain surface (Fig. 7e), but magnitudes are up to ~ 40% higher than in the case 

of homogenous steel structure. Grain deformation character is the same as in model 2. 

Discharge channel width parametric sweep reveals tendencies similar to those 

observed above, but unlike the two previous models, this one is much less sensitive to current 

channel radius variations. 

Since tdel = 100 μs, stress relaxation occurs well before another discharge occurs, as 

shown by the frequency-transient analysis of presented models. It is also clear that should the 

tdis /tdel  ratio be high enough, residual electrothermal stress accumulation could, though 

unlikely, eventually assist RCF induced material failure. This is something that needs to be 

investigated further – however, different models must be constructed for larger timescales. 

Upon request, Ščepanskis, M. has provided the model used in 

[3] to the authors of this work for examination (see Fig. 8). This 

model is of similar nature, but its radial dimension is 1 μm and 

tdis = 100 μs by assumption. Here (1) is the grain (rg = 0.5 μm), (4) 

is bulk steel – these have the properties shown in Tab. 1; (3) 

represents martensite phase steel “needle” structure (actually a sheet 

cross section) and (2) is a domain where orientation differs from (3) 

and has lower σ and k. It is stated in that Cp  of (3), Cp3, is expected to 

be much less than that of (1), (2), (4) and is set to 1 J ⋅ kg−1K−1 (see 

[3, Fig. 6]). This is not backed by any valid arguments and is dubious 

given that for temperature range of interest Cp  and k of metals are 

proportional and thus also proportional to σ via the Wiedemann-Franz 

law (here σ3 and k3 are very high, but Cp3 is very low) and the 

dimensions of (3) domains are not such that thermal/electrical 

conduction are restricted enough to affect Cp  so drastically. 

Thorough testing indicates that certain effects reported in [3] 

are a product of artifacts introduced by a very coarse mesh. Moreover, 

Fig. 7. Current distribution (a, b), temperature field (c), 

radial line temperature (d), stress field (e). Note: the 

“radial” lines within the grain are geometry drawing 

artifacts, not domain boundaries 

Fig 8. Geometry of  

the numerical model 

courtesy of 

Ščepanskis, M. [3] 
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the deformations, although claimed to be significant, are not. Volumetric stress calculations 

yield values of the order of 10−3, which is well within the error margin for this model. The 

deformations shown in [3, Fig. 5,6] are found to be a product of scaling by a factor of 

~ 5800, which was not mentioned. The size of the reported nanovoid is three orders of 

magnitude below that of the smallest finite element. Tests with a high quality mesh indicate 

that for Cp3 > 4 𝐽 ⋅ 𝑘g−1K−1 stresses decrease ~tenfold and for Cp3 > 40 the model 

qualitatively reverts to model 2 presented herein; for Cp3 > 300, the model breaks down, 

because its tdis ≫ τ. Interestingly, this is where the model quanlitatively converges to 

analytical estimates – at Cp3 = 400 both predict stresses on the order of 0.01 to 0.1 MPa, the 

former yielding greater magnitudes due to heat impulse „rebound” at the model boundary. 

 

Conclusions 
 

It is shown that for discharges of magnitudes/durations modelled herein the resulting 

stresses are several orders of magnitude below the fatigue limit. It is clear then that premature 

bearing failure observed by Loos et al. and in other similar tests are not due to the 

mechanisms proposed in present work, especially given that current densities were greatly 

exaggeragted. 

Several noteworthy effects are observed: carbide grain/steel material boundary layer 

noticeably facilitates stress accumulation at inclusions; grains’ proximity within the discharge 

channel greatly increases stress levels at said defects; martensitic structure simulations reveal 

subsurface heat generation within carbide grains in cases where grain/steel boundary electrical 

conductivity is close to or lower than that of the grain interior. 

Results obtained by Ščepanskis, M. et al. are shown to have been a product of an 

unfounded assumption about material thermodynamic properties and numerical model 

definition and implementation issues. 

This work is to be percieved as a semi-quantitative study as well, due to many of the 

parameter values being unknown or known only to a certain degree of approximation (current 

density, discharge duration/delay, boundary layer parameters, discharge channel geometry). 

New models must be developed in order to investigate transient response of many-

defect bearing steel structure for higher tdis /tdel  values; energy dissipation at material 

boundaries and electromagnetic forces are to be accounted for – all this cannot be accurately 

done within the framefork assumed herein. 
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Abstract 
 
 Titanium and its alloys have superior properties with the aid of oxide film on the 
surface. Anodic oxidation is one of the processes that can improve the metal surface. TiO2 
produced by anodic oxidation is expected for applications as biomaterials or functional photo-
catalysts. In this paper the effect of magnetic field on anodic oxidation of Ti without dielectric 
breakdown will be investigated for the electrolytes of sulphuric acid aqueous solution and 
ethylene glycol. The result shows that magnetic field can control the pore diameter and the 
thickness of the oxide film. 
 
Introduction 
 
 Titanium alloys have unique and superior properties such as wear resistance, 
biocompatibility and corrosion resistance, because of strong and chemically stable oxide film 
on the surface. Therefore, titanium dioxide has wide of the applications for medical implant 
[1,2]. On the other hand, nanostructure of TiO2 film, i.e. pore structure or film morphology, 
gives useful functions to the oxide film such as a nano-platform, a sensor, a photo-catalyst, 
etc. [3,4]. Anodic oxidation is one of producing method of TiO2 film. Many studies have been 
conducted about anodizing process of titanium, because the surface morphology of TiO2 film 
can be easily controlled with low cost. 
            In electric deposition process, magnetic field can affect the surface morphology of 
deposited film [5]. It was known that two effects were appeared on the electrochemical 
reaction induced by magnetic field imposition. The first is MHD effect. The Lorentz force by 
interaction of electrolytic current and magnetic field causes MHD convection. MHD effect is 
promotion of mass transfer by this convection. The second is micro MHD effect. Micro MHD 
effect is caused by micro MHD convection that is occurred near precipitation interface. Micro 
MHD effect suppresses the individual of crystal nucleation. 
            In anodizing phenomena, same effect of magnetic field will be expected, especially 
micro MHD effect can change the size and the shape of the pore in oxide film.  
            In this paper, the effect of magnetic field imposition on the morphology of anodized 
oxide films investigated using superconducting magnet. Basic phenomena of metal oxidation 
and pore formation in the anodized film on Ti plate will be revealed from the experiments of 
metal anodization from sulfuric acid and ethylene glycol with ammonium fluoride.  
  
1. Experiments 
 
 Fig. 1 shows the flow of the experiment procedure. Pure titanium plate was exposed 
chemical polishing firstly and then ultrasonic cleaning in acetone. Using this Ti plate,  metal 
anodization experiments were conducted. The surface morphology and the pore structure 
were observed by use of FE-SEM. And the crystallographic structure of the oxide film was 
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determined by XRD with CuKα radiation. Fig. 2 shows schematic of an anodization cell. The 
prepared Ti plate was used as an anode and a pure platinum was used as a cathode. Two types 
of electrolyte was adopted, one is 0.5 M sulfuric acid with 0.1 M ammonium fluoride and the 
other was 0.3 mass% ammonium fluoride in ethylene glycol. Anodization time was 2h under 
potential range of 20-40 V for sulfuric acid, and 40-70V for ethylene glycol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig. 1. Experimental procedure                          Fig. 2. Schematic of anodizing cell 
 
2. Results and Discussion 
 
2.1. Sulphuric Acid Electrolyte 
 In general, anodized oxide film is formed in the inside the original metal surface with 
the formation of nano-pores in the case of under the critical voltage of dielectric breakdown. 
Fig. 3 shows the schematic drawing of the mechanism of oxide film formation with pores in 
porous layer and barrier layer. 
 
 
 
 
 
 
 
 

Fig. 3. Schematic drawing of the structure of oxide film. 
 
 Actual anodizing behaviour is composed of metal oxidation and dissolution of oxide 
layer. At the inner surface of pores, especially at bottom surface, TiO2 can be dissolved by 
fluorine ion in following reaction due to anodization voltage. 
 

                  TiO2 + 6F-  = TiF6
2- + 2O2-                                                                                           (2.1)   

 
Oxygen ion generated by the reaction (2.1) diffuses from the pore bottom to the interface 
between oxide film and metal Ti through barrier layer and oxidizes Ti as anodic oxidation of 
following reaction. 
 

                  Ti + 2O2-  = TiO2 + 4e-                                                                                                 (2.2)   
            

Nano-pore  

Porous layer  

Barrier layer  
Original 
Metal surface  

Oxide film  

Metal  
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 Fig. 4 shows typical anodized surfaces for anodizing voltage of 20V and 30V, in the 
case without magnetic field and with magnetic field of 5T. In these photos, small pores of 
about 20nm diameter can be observed. These pores appear in every condition of anodization 
in almost same size, but in the case of no magnetic field, the surface morphology is rougher 
than that with magnetic field.  
 
 
 
 
 
 
 
 
 
 
 
                (a)  20V, no magnetic field                       (b)  20V,  magnetic field:5T  
 
 
 
 
 
 
 
 
 
 
               (c)  30V, no magnetic field                        (d)  30V,  magnetic field:5T 

Fig. 4. FE-SEM images of anodized surface for various anodizing voltage 
 
            Fig. 5 shows XRD patterns of anodized Ti plate. In Fig. 5 (b), there is no peak of 
anatase titanium dioxide in 20 V because anodic oxide layer is thin. In 30 and 40 V, there are 
broad peak of anatase TiO2 in both no magnetic field and magnetic field of 5T. The oxide 
layer thickness increased as increase of the applied voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
                   (a)  no magnetic field                               (b) magnetic field:5T  

Fig. 5. XRD patterns of Ti under anodization voltage of  20, 30, and 40V 
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            Tab. 1 shows crystallite size of anatase TiO2 (101) of specimens. Crystallite size of 
anatase TiO2 (101) in magnetic field is smaller than that in no magnetic field, In previous 
study, grain refinement by micro MHD effect was reported [5]. Also in this study, it is 
believed that the crystallite size is smaller by this effect. 
 
Tab. 1. Crystallite size of anatase TiO2(101): 
(a) without magnetic field and (b) with magnetic field (5T) 

    
 
2.1. Ethylene Glycol Electrolyte 
 Anodization process under ethylene glycol solution is more stable so that the critical 
anodization voltage for dielectric breakdown increases up to over 70V. It is found that this 
electrolyte is advantageous for rapid formation of a uniform oxide film. Fig. 6 shows the 
typical anodized surfaces for anodizing voltage of 50V and 70V, in the case without magnetic 
field and with magnetic field of 5T. In these photos, regularly aligned pores can be seen and 
the size becomes large as increase of anodization voltage because of the promotion of the 
reaction (2.1). Furthermore, imposition of magnetic field can increase pore size. Micro MHD 
effect also appears here, so as to promote the reaction (2.1).  
 
 
 
 
 
 
 
 
 
 
                 (a)  50V, no magnetic field                          (b)  70V,  magnetic field:5T  
 
 
 
 
 
 
 
 
 
 
                (c)  50V, no magnetic field                          (d)  70V,  magnetic field:5T  

Fig. 6. FE-SEM images of anodized surface in ethylene glycol electrolyte 
 
            Micro MHD effect can promote a chemical reaction relating electron exchange. In the 
configuration of these experiments, magnetic field is imposed to be perpendicular to the metal  
surface, so MHD effect can not be expected. However, microscopic eddy motion appears in 
each pores depending on the bottom shape of pores. At the bottom, the shape is not flat as 
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shown in Fig. 3. Electric current of anodization almost vertical direction but some part of the 
current leaks into the wall and horizontal component appears especially in bottom part. The 
interaction of this horizontal component of an electric current with a strong magnetic field 
yields rotating Lorentz force in nano-pores. This microscopic eddy flow can promote the 
transfer of ions so that the anodization reaction can be promoted. Fig. 7 shows the cross 
sectional views of oxide films. As indicated in the figure, nano-pores form straightly and the 
film thickness increase as increase if anodization voltage.  
 
 
 
 
 
 
 
 
 
 
             (a)  50V, no magnetic field                          (b)  70V,  magnetic field:5T  
 
 
 
 
 
 
 
 
 
 
              (a)  50V, no magnetic field                          (b)  70V,  magnetic field:5T  

Fig. 7. FE-SEM images of cross sectional view of oxide film 
   
            Fig. 8 shows the oxide film thickness increases with increase of anodization voltage. 
The effect of magnetic field imposition appears in relatively high voltages as shown in Fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         Fig. 8. Effect of magnetic field imposition on oxide film thickness 
 
The size of nano-pores is so small that the flow in the pore suppressed by viscosity. Because 
the suppression effect becomes strong in long pore in thicker film, the growth rate decreases 
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for thicker oxide film. On the other hand, in the case of magnetic field imposition, 
microscopic eddy flow can help the transfer ions from the bottom to the outer of the film. 
 
Conclusions 
 

Metal anodization process under strong magnetic field is proposed. Basic experiments 
ware conducted for titanium in sulphuric acid aqueous solution and ethylene glycol solution 
as an electrolyte. Obtained results can be summarized as follows: 
1. Regularly aligned pores appear on the oxide film with the aid of fluorine ion and the 

surface morphology in aqueous solution is rougher than that in ethylene glycol solution, 
because the anodization phenomena is stable in that solution. 

2. Micro MHD effect can promote the anodization reaction, for aqueous solution, the 
crystallite size becomes small by the imposition of magnetic field. For ethylene glycol 
solution, pore size becomes large due to micro MHD effect. 

3. In the case of ethylene glycol electrolyte, magnetic field can promote the transfer ions due 
to microscopic eddy flow.  
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Abstract 

 

 The present paper considers a mathematical model of 2 D compressible, laminar, axial 

symmetric flame flow taking into account the Lorentz force action on the development of fuel 

combustion in a cylindrical pipe. The combustion process is modeled with Arrhenius kinetics 

using a single step exothermic chemical reaction between fuel and oxidant. The analysis of non-

stationary PDEs system with 7 unknown functions is carried out.  

For the inviscid flow approximation the implicit finite difference scheme in time with upwind 

differences in space is used. The results of numerical simulation are confirmed by the results of 

the experimental study of the electromagnetic field effect on the thermo-chemical conversion 

of biomass mixture (straw+wood).  

 

Introduction 

 

 The electric and magnetic field effects on the flames, which can be related to the ionic 

wind, magnetic wind and Lorentz force effects makes it possible to provide control of the flame 

shape, size and main combustion characteristics [1,2]. This research aims to give insight on 

applicability of these effects to provide control of the combustion dynamics at thermo-chemical 

conversion of biomass mixture (straw+wood) combining the mathematical modelling and 

experimental study of the field effects on the main flame characteristics. In [3] the results of 

numerical simulation evidence that formation of the flame reaction zone is influenced by the 

electric field-induced variations of the local vortices and mixing of the reactants by increasing 

the reaction rate. 

 

1. Mathematical modelling 

 

 For mathematical modelling, we considered a system of 7 partial differential equations 

describing an axially symmetric compressible reacting swirling flow and the temperature with 

a simple chemical reaction in a cylindrical pipe-combustor with the radius r = 0.05 [m], length 

z = 0.1 [m] [3,4].  

 The applied electric field with a current I of uniform density between the positively 

biased walls of the combustor and the negatively biased axially inserted electrode determines 

the formation of the azimuthally induced magnetic field, which was scaled to B0 = 0.4 10-5 I 

[N/(A m)].  

 For the numerical calculation, the implicit finite difference scheme and the ADI method 

were applied providing the estimation of the effects of the variation of the molecular diffusivity 

D, thermal conductivity λ and electric field on the main flame characteristics, i.e. on the 

minimum value of flow density ρ, on maximum values of the flow velocity components, the 

reaction rate, the pressure gradient and flow vorticity. For the fixed length of the axially inserted 

electrode, the decrease in thermal conductivity resulted in the correlating increase of the 
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maximum velocity, pressure gradient, flame temperature, reaction rate and flow vortices with 

the decrease in density, whereas the decrease of the molecular diffusivity resulted in the 

increase of the maximum density and in the decrease of the velocity, pressure gradient, 

temperature, reaction rate and flow vortices. With the fixed values of D and λ, the electric field 

affects the flow dynamics, the local and average values of the flow velocity, the density and 

pressure in the flame reaction zone. The application of the electric field to the flame reaction 

zone leads to an increase in length of the flame reaction zone (Fig. 1 –a, b). 
                                                                       

 

                             a                                                                             b 

Fig. 1. Isotherms (Max temperature = 5.99x300[K]); without electric field (a), with electric 

field I=0.1 [mA] (b) 

 

 For the external magnetic field the mathematical model is similar to [3,4], but has a 

different form of the radial )( rF  and axial )( zF  components of the Lorentz force. The goal was 

to illustrate a qualitative difference between the velocity distributions in cases when the external 

magnetic field induced by a permanent magnets wrapped around the computational domain was 

applied. Simulations were made using the Matlab and FEMM software simultaneously [5]. 

The FEMM software provides a finite element solution of the Maxwell equations formulated 

for the magnetostatic case. The software considers the vector potential formulation in the case 

of two dimensions. Zero vector potential boundary condition was applied to the symmetry part 

of the boundary for the case of axial symmetry. For magnetic flux density, two magnetization 

directions, perpendicular to the flow direction and aligned with the flow direction, were 

considered (see Figs. 2,3). 

 

  

Fig. 2. Magnetic flux density plot: the 

magnetization direction perpendicular to the 

flow direction 

Fig. 3. Magnetic flux density plot: the 

magnetization direction aligned with the 

flow direction 
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 The flux density varies between 0.001 T and 0.1 T. For the calculations, a mean value 

of 0.03 T was considered. After the magnetic field with the two components 
zr BB ,  is obtained, 

we use the Matlab built-in differentiation commands to calculate the Lorentz force terms 

., zr FF For the inviscid flow approximation, we used the implicit FDS in time with upwind 

differences in space. To solve the discrete problem, we applied the ADI method of Douglas and 

Rachford, similarly as in [3, 4]. Here some graphs are presented which allows to compare the 

stream function distributions when the source term is applied. One can see two vortices in Fig.4 

and the disappearance of vorticity in Fig. 5. 

 

 
Fig. 4. Stream function; the magnetization 

direction perpendicular to the flow direction 

Fig. 5. Stream function; the magnetization 

aligned with the flow direction 

 

 2. Experimental studies. 

 

 The experimental studies of the electric field effect on the combustion dynamics at 

thermo-chemical conversion of biomass mixture (straw+wood) is carried out using a batch-size 

experimental device which is described in [6,7]. 

 The effect of electric field on the combustion dynamics was studied using a nichrome 

electrode, 3 mm in diameter and 35 mm in length, which was placed at the bottom of the flame 

reaction zone and was positive with respect to the grounded walls of the inlet nozzle and to the 

water-cooled walls of the combustor Fig. 6-b. 

Therefore, the axially inserted electrode acts as the anode, whereas the inlet nozzle of 

the combustor and the grounded water-cooled walls of the combustor act as the cathode by 

collecting the ion current. To prevent a discharge, the current between the axially inserted 

electrode and the grounded walls of the combustor was limited to 5-7 mA at a voltage supply 

of 0.6-2.4 kV. The electrode voltage and the current were monitored by the high voltage 

equipment. To provide the experimental study of the magnetic field effects on the swirling flow 

dynamics at thermo-chemical conversion of the biomass mixture, the upper part of the gasifier 

was inserted into a transversal magnetic field that was created by the two pairs of permanent 

magnets (Fig.6-a) determining the formation of the axial and radial magnetic field gradients 

above and between the poles up to dB/dz≈2.7-3.8 T/m; dB/dr≈ 0.7-2.7 T/m. 

The positive bias voltage of the axially inserted electrode first of all shows the influence 

on the flow dynamics (Fig. 7-a) promoting the radial and reverse axial heat/mass transfer of the 

neutral flame species (ion wind effect). This leads to enhanced thermal decomposition of the 

biomass mixture with enhanced release of combustible volatiles (Fig. 7-b) and enhanced mixing 

of volatiles with an air swirl. As a consequence, more complete combustion of volatiles is 

observed (Fig. 7-c) with an increase of produced heat energy per mass of burned biomass 

mixture (wood +20%straw) (Fig. 7-d). 
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Fig. 6. Digital image and principal schematic of the experimental device: 1 – gasifier with a 

biomass pellets; water-cooled sections of the combustor; 3 –primary air supply; 4- secondary 

air supply; 5- propane flame inlet; 6 – positively biased electrode; 7- permanent magnet 

 

Fig. 7. The electric field effect on the flow velocity components (a), release of volatiles (b), 

ignition and combustion of volatiles (c) and heat energy production (d) 
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 If the magnetic field is applied to the flame base (Fig. 6-a) the field-enhanced reverse 

axial heat/mass transfer of the paramagnetic oxygen upstream to the biomass layer promotes 

the enhanced thermal decomposition of the mixture of biomass pellets (wood +20% straw) by 

increasing the average weight loss of pellets from 0.135 g/s to 0.143 g/s with faster release of 

the combustible volatiles (CO, H2). Moreover, the upstream mass transfer of the paramagnetic 

oxygen provides the enhanced mixing of the volatiles with air promoting the enhanced ignition 

and combustion of volatiles with faster increase of the CO2 volume fraction and the heat output 

from the device up to the peak values. 
 

Conclusions 

 The mathematical modelling has shown that for the negatively biased axially inserted 

electrode the electric field exhibits its influence on the flow dynamics, on the local, average and 

maximum values of the flow velocity, density and pressure in the flame reaction zone, thus 

advancing the formation of small vortices with anti-clockwise rotation direction and increasing 

the flame length at the pipe inlet, and the radial velocity change the sign. 

 The field influence on the flame characteristics depends on the length of the electrode, 

i.e. increasing the length of the axially inserted electrode leads to the increase in maximum 

velocity and in pressure gradient. 

 The application of an external magnetic field induced by permanent magnets affects the 

velocity distributions and does not affect much the temperature and the concentration 

distribution if we stay at the chosen model’s bounds. The effect of magnetization perpendicular 

to the flow direction results in appearance of an additional vortex in the computational domain 

and in disturbance of the stream lines. The influence of magnetization aligned with the flow 

direction results in removal of the vortex in the upper left corner and in disturbance of the stream 

lines. 

 The experimental study of the electric and magnetic field effects on the thermo-chemical 

conversion of the mixture of wood with 20% of straw suggest that the both the electric and 

magnetic fields promote enhanced thermal decomposition of biomass mixture with enhanced 

formation, ignition and combustion of volatiles by increasing the produced heat energy per 

mass of burned biomass pellets and the heat output from the device. 

 With the positive bias voltage of the axially inserted electrode, the electric field body 

force leads to enhanced thermal decomposition of the biomass mixtures, to the field-enhanced 

combustion of the volatiles, with the correlating increase of the ion current, combustion 

efficiency, CO2 volume fraction in the products and of the heat output from the device up to 

their peak values during the flaming combustion of volatiles, with the rapid decrease of the field 

effect on the combustion characteristics during the after-flame smouldering stage. 

 The voltage dependence of the main flame characteristics suggests that the electric field-

enhanced thermo-chemical conversion dominates at U < 1.2 kV and starts to decrease at U > 

1.2 kV, when the radial acceleration of the flame ions along with the field-induced radial mass 

transfer of the neutral flame species slows down the swirl intensity which is highly responsible 

for the mixing of the flame components and for the formation of the flame reaction zone. 
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Development of Electromechanical Principle for Wet and Dry 
Milling 
 
B. Halbedel, O. Kazak 
 
Abstract 
 

The paper presents a novel electromechanical principle for wet and dry milling of 
different materials in which the milling beads are moved under time- and local-variable 
magnetic field. It is shown possibility to optimize the milling process in such milling machine 
by simulation of the gradient of vector electromagnetic field distribution in the working 
chamber. The mathematical model and simulation methods based on standard software 
packages are worked out. The results of numerical simulations and experimental measurements 
of electromagnetic field in working chamber of the developed and manufactured laboratory 
plant are in good correlation. With the obtained operating parameter dry milling experiments 
with crushed cement clinker and wet milling experiments of organic agents in the laboratory 
plant are executed and the results are discussed. 
 
Introduction 
 

Milling is an important but most complicated and energy consuming process in the 
production of materials. The interest of milling processes improvement in numerous industrial 
applications such as finest milling of pharmaceutical organic agents [1], raw materials for the 
ceramic, material for building industries [2] as well the recycling [3] have increased steadily. 
The relatively new electromechanical principle can be a solution for improvement of milling in 
numerous applications but still need methods and tools for the design and optimisation of 
milling machine. 

The developed and manufactured laboratory plant has shown very good milling results 
[4]. Furthermore, the power consumption is very low as a result of direct power supplying to 
the grinding media. The biggest part, around 74 % of all supplied power in machine, is going 
to milling process and only 23 % to ohmic losses as well as 3 % to iron losses in the exciter 
systems [4]. 

The main parameter of such machine for milling (so-called EMZ plant) is the magnetic 
flux density and the resulting electromagnetic force distribution in the working chamber. For 
future development of this principle and design of new machine it is very important to develop 
a suitable model for numerical simulation of resulting electromagnetic force distribution and its 
optimization. The model is developed in ANSYS Maxwell and tested convergence on the 
calculation mesh, with different software setup and analysis type as well as different applied 
currents. Simulations are carried out in 2D and 3D. Verification done by comparing results in 
ANSYS Maxwell with COMSOL Multiphysics as well with experimental measurements of 
electromagnetic field in working chamber. With the obtained operating parameters dry milling 
experiments of crushing cement clinker and wet milling experiments of organic agents in the 
laboratory plant are executed. The results of milling experiments are discussed. 
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1. Electromechanical milling principle (EMZ) 
 

The electromechanical milling principle is based on the moving of hard magnetic 

milling beads under the influence of the electromagnetic force BF


 generated by interaction 

between the vector gradient B


 of magnetic field B


 and the fixed magnetization M


 of the 
milling beads as shown in Fig. 1. 

The generated force is given by (1): 
 

 B MF p B  
 

, (1) 

 
where Mp


 is the vector of the magnetic moment, given for milling beads by 

 

M

V V

p MdV JdV
µ

  
0

1 
, (2) 

 

with M


 – the fixed permanent magnetization of the milling beads, J


 – its magnetic 
polarisation, V – volume of a milling bead and µ0 = 4.10-7 Vs/Am – absolute permeability. 

With the simplifying assumptions that the magnetization of the milling bead is 

.M const


 in its volume and directed in the same direction as B


 we can deduce (3) for 

description of the electromagnetic force density Bf


 on one milling bead: 

 

( ) ( )B
B

F
f M B J B

V µ


       
0

1


  
,  (3) 

 

with M – magnitude of M


 and J – magnitude of J


. 

As revealed in (3) the gradient of vector magnetic field B


 dictates the direction of the 

force density Bf


 and the product ( )J B 


 determines their magnitude. 

Additionally, if the magnetic vector gradient is time- and local-dependent, than a time- 

and local-dependent force density distribution ( , , , )Bf r z t


 is generated in the working 

chamber, consequently an intensive relative movement between several milling beads is 
induced which different types of mechanical stresses so that the novel electromechanical 
milling principle can be used for disintegration of biomass, dry or wet grinding of raw materials 
and autogenously grinding of ferrites [4, 5]. 

The principle scheme of the developed and manufactured electromechanical milling 
laboratory plant EMZ-LAI is presented in Fig. 2. The milling process room is an annular gap 
chamber made of non-ferromagnetic materials surrounded internal and external with a 

rotationally symmetrical exciter systems which generate a rotating magnetic field ( , , , )B r z t


. 
The designs of the exciter systems are analogical to AC motor but with large air gap between 
outer (ESI) and inner (ESII) exciter systems (Fig. 3). 
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Fig. 1. Magnetic force BF


on a body with a 

magnetization M


 and the volume V in the 

vector gradient B


 of magnetic field B


 

Fig. 2. Principle of electromechanical milling 
(EMZ): 1 – time- and local-variable magnet 
field B


, 2 – hard magnetic milling beads, 3 – 

working chamber 
 
2. Model for calculation of the electromagnetic design 
 

The electromagnetic design of EMZ machine is based on consideration of (3) and 
following important steps:  

a) determination of the required gradient of vector magnetic field distribution B


 in the 
air gap with an existing EMZ plant and  

b) determination of new design with the lowest possible losses at the required gradient 

B


. 

For the determination of the vector gradient distribution ( , , , )B r z t


 it is necessary to 

simulate the magnetic field distribution ( , , , )B r z t


 in the air gap by (4) 
 

B rotA


 and 0divB 


,  (4) 

where A


 is the magnetic vector potential resulting from the design of the windings and electric 
current distribution in the exciter systems. Then ( , , , )B r z t


 is calculable by (5): 

 

r r r z z z
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(5) 

 
The losses in the exciter systems of a EMZ plant are calculated as sum of core loss Pv,U 

in its laminated cores and ohmic loss Pv,R in the coils 
 

, ,v v R v UP P P  ,   (6) 

with 

2
,

1

2
c

v R

V

P j dV


 


,  (7) 

where  is the electrical conductivity of the coils, j


is the current density distribution in the 
windings and Vc is winding volume and 
 

  2 2 1.5
,
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lc

v U h c e

V

P K f B K f B K f B dV         , (8)  
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where f is the frequency of the electric currents in the coils of the windings, B̂  are values of the 
peak magnetic flux density in the exciter systems, Vlc is the volume of laminated cores, Kh is 
the hysteresis loss coefficient, Kh is the eddy current loss coefficient and Kh is the excessive 
loss coefficient. These coefficients are known from the data of iron sheets producer. 

To build a model for simulation of electromagnetic field in ANSYS Maxwell it is 
necessary to include the design of the laminated cores and the coils distribution of the inner and 
outer systems of the EMZ plant. Fig. 3 shows an example of usable laminated cores and coils 
distribution as well as its electric connection (see Fig. 4).  

The main geometrical parameters are outer diameter 322 mm and air gap width 25.5 
mm. The number of slots of outer system is 48 and inner – 36.  

Symmetrical time-dependent current distributions according to the phase connection are 
presented by following equations: 

 

cos( )Ai I t


, 2
cos( )

3Bi I t
 


, 4

cos( )
3Ci I t
 



 
(9 a, b, c) 

 
To work out suitable for simulation model it is necessary to make the following tests: 
• testing the size of model outer space, 
• convergence on the calculation mesh, 
• testing of different software setup and analyses type, 
• simulation for different parameters, 
• simulation in 2D and 3D, 
• comparing simulation in ANSYS Maxwell and COMSOL Multiphysics, 
• verification by experimental data. 
The calculation domain split into elements uneven:  
 parts in the exciter systems with large gradient of electromagnetic parameters, here 

the sizes of the cells are very small and  
 in outer space with small gradient of electromagnetic parameters, here the size of 

elements increase.  
The mesh convergence presented in [6] as dependency of error from finite element 

number results that the error is only 1.78 % at element number of 13258. This result is suitable 
for simulation and all further simulations are carrying out with this number of elements. 
 

Fig. 4. Electric connection of ESI 
and ESII to phase A, B and C. 

Fig. 3. 2D cross section of the 
exciter systems ESI and ESII 
with the coils distribution 

226



3. Results of the numerical simulations  
 

The simulations of electromagnetic parameters are realized for following typical 
magnetic field strengths in air gap of Hδ = 50, 70 and 100 kA/m with a frequency of the electric 
currents of f = 50 Hz. 

To verify the obtained simulation results the experimental measurement of magnetic 
flux density distribution in the middle of the air gap is carried out with the help of Hall Probe 
MNT-4E04-VH (Lake Shore) and Gauss meter 421 (Lake Shore). The results of these 
experimental measurements were compared with simulation data for the azimuthal and radial 
components. The relative differences amount maximal up to 7 %. This difference comes from 
influence of the real magnetic properties and geometry of the iron sheets, also from the 
discretization of the coil distribution. 

The differences of magnetic flux density magnitude Bmag obtained in ANSYS Maxwell 
and COMSOL Multiphysics are approximately 3 %. The differences between results in 2D and 
3D simulation in all parameters distribution in the middle cross section arise 2-3 %. The results 
of all comparisons attest that the developed numerical model is possible to carry out in 2D and 
applicable for the electromagnetic design of exciter systems for electromechanical mills. 

Fig. 5 presents the radial and azimuthal component of gradient of vector magnetic field 
in the air gap of the manufactured EMZ plant on three circles which are located in the near 
inner exciter system (R1), middle (R8) and outer exciter system (R16) of the air gap at Hδ = 70 
kA/m and f = 50 Hz. 

 

  
Fig. 5. Radial rB (left) and azimuthal B (right) components of the gradient of vector 

magnetic field in the air gap of the manufactured EMZ plant on three circles which are 
located in the near inner exciter system (R1), middle (R8), and outer exciter system (R16) 
of the air gap at Hδ = 70 kA/m, f = 50 Hz, t = 0 

 
As can be seen the components of the gradient of vector magnetic field have same order 

up to 8 T/m, but their changes are larger close to the exciter systems (circle R1 and R16) than 
in the center of the air gap (R8). Consequently, the milling beads are more accelerate or brake 
close to the exciter systems. Here the movement changes are maximal. 

In the center of the air gap the distribution is approximately sinusoidal along the circle 
R8. However, they are shifted, so that the azimuthal component B  is larger where the radial 

component rB  is smaller respectively inversely. 

Other simulations [4] show that the magnitudes of the vector gradient components 
increase with the enhancement of the magnetic field strength Hδ in the air gap and the number 
of poles 2p as well as with the reduction of the number of slots per pole per phase (q → 1) and 
of the chording of the windings ( → 0). These are the potential for further improvements of 
the performance of mills based on the electromechanical principle [7]. 
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4. Dry and wet milling in developed laboratory plant  
 

To check this approach experiments in the laboratory installation (EMZ-LAI) with 
crushed cement clinker (dry milling) and anthraquinone (wet milling) are performed in 
dependent on the magnetic field strength H at constantly current frequency and fillings rates 
of the working chamber.  

In Fig. 6 the specific energy consumption w0 of EMZ-LAI dependent on the milling 
ratio z is presented in comparison with a ball mill (Bond) and a stirred ball mill (RWKM) at the 
same educt (cement clinker < 500 µm). 

It is clearly derivable that the specific energy consumption of the EMZ-LAI is lower 
than w0 of Bond and RWKM at the same milling ratio z (e.g. z = 4). The larger the required 
milling ratio of the product must be, the larger is the energetic advantage of EMZ principle. 
Furthermore it is only possible to achieve a high fineness (e.g. z = 7) with the EMZ principle. 

Fig. 7 demonstrates the milling progress of a special aqueous model fluid with contents 
of 5 wt-% anthraquinone particles (A90004-250G, Sigma-Aldrich Chemie GmbH / 
Taufkirchen) by increasing of the magnetic field strength H. The results of the experiments 
show that the anthraquinone particle are electromechanically grinded to d50,3 < 1 µm. 

The realization of larger milling ratios requires smaller milling beads (< 1 mm). 
 

  
Fig. 6. Specific energy consumption w0 
dependent on the milling ratio z of EMZ-LAI 
– compared with a ball mill (Bond) and a 
stirred ball mill (RWKM) for dry milling of 
cement clinker with do = 500 µm 

Fig. 7. Particle sizes d10,3, d50,3, d90,3 

dependent on the specific energy 
consumption w for wet milling of 
anthraquinone with d50,3 = 25.5 µm  

 
Summary 
 

The methods and approaches for numerical simulation of magnetic field and its vector 
gradient in the ANSYS Maxwell and COMSOL Multiphysics are worked out. It is shown 
possibility to check-up simulation results with experimental measurements and experimental 
milling results in laboratory plant EMZ-LAI. With the developed electromagnetic simulations 
tools an up- and downscaling of EMZ plant is possible. 

The energy advantages for dry milling of building materials and wet milling of organic 
agents are shown using the example of cement clinker and using the example anthraquinone. 

The next steps are the connection of developed electromagnetic model with DEM-
simulations [8] and a stress model [9] to determinate the required magnet field structure in the 
air gap for an efficiently milling process.  
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Titanium Deposits 
 
E. Blumbergs, V. Kagalnickovs, E. Platacis, D. Zablockis 
 
Abstract  
 
 Kroll process for more than 50 years is a titanium-based production technology. The 
primary product of titanium extraction is a titanium sponge, which requires complicated 
processing. A variation of the Kroll process for the producing titanium/titanium aluminium 
alloys and intermetallics is developed. The proposed technology is based on metallothermic 
reduction of titanium tetrachloride and utilizes a molten flux layer acting as a smart 
semipermeable liquid membrane. The intent is to improve the morfology of the titanium 
deposits in the Kroll process by depositing titanium in molten form with the aim to potentially 
produce titanium/titanium aluminium alloys more economically. 
 
1. Introduction 
 
 The investigation is aimed at finding a better way of the production of metallic titanium 
and titanium-aluminium alloys from titanium tetrachloride using metal reducers. 
 At present, metallic titanium and titanium alloys are produced by vacuum arc remelting 
of sponge titanium (by the Kroll method) or of titanium powder (by the Hunter method), fig.1. 
[1]. 
 The production of metallic titanium and its alloys is a multi-stage process. Let us use 
the Kroll method to illustrate it, [2,3]. 

 Production of a mass of sponge titanium from titanium tetrachloride by magnesium in 
a reactor of confined volume, where to liquid magnesium and liquid titanium 
tetrachloride are supplied. The reduction of titanium takes place in an inert environment 
along with recurring removal of magnesium chloride (as a reduction product). 

 Cooling and evacuation of the reactor to remove the magnesium and magnesium 
chloride, aimed at the utmost purification of the produced sponge titanium. 

 Extraction of the sponge titanium, partially welded onto the reactor wall, from the 
reactor. 

 Fragmentation (crashing) and manual sorting of the sponge titanium fractions followed 
by their packing into sealed bags filled with an inert gas. 

 Production of a titanium electrode sample for vacuum arc remelting by pressing the 
sorted fractions of the produced sponge titanium. 

 Vacuum arc remelting of the electrode made from the sponge titanium to produce 
metallic titanium. 

 Repeated vacuum arc remelting of the produced titanium ingot with alloying additions 
to obtain the required titanium alloy. 
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2 
 

Fig. 1. Production of metallic titanium from sponge titanium by the Kroll method in the 
reactor: a) sponge titanium production by the Kroll method; b) sponge titanium purification; 
c) sponge titanium briquetting; d) electric arc remelting. 
 
2. Presentation of the problem 
 
 In the course of the planned experiments, fig.2.we combine all the above-mentioned 
stages, simplifying in this way the technology of titanium and its alloys’ production, in 
particular, of titanium-aluminium alloys. For this purpose, we intend to create such conditions 
in the reactor which would contribute to the reduction of titanium from titanium tetrachloride 
by magnesium or by sodium as metal reducers, which implies creation of an inert environment 
in the reactor by evacuating the reactor, filling it with argon, and, when heating a solid or a 
liquid flux in the reactor, the reactor would be filled with the vapors of the melted flux. During 
the experiment, the flux in the reactor is heated by a power supply source to a temperature more 
that the titanium melting temperature, t = 1750°C – 1800 °C. 
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Fig. 2. Schematic presentation of the experiment: 1 – reactor, 2 – electrode, 3 – mechanism 
for controlling the electrode, 4 – metal cooling, 5 – alloying additions, 6 – bath (tank) with 
water, 7 – thermocouple T1-T18, 8 – condenser, 9 – sodium supply, 10 - TiCl4 supply, 11 – 
bath with liquid sodium, 12 – bath with liquid TiCl4, 13 – electric heater pipe, 14 - electrode 
cooling; P1-P4 – pumps; P.M1-P.M3 – flow meter. 
 

When titanium tetrachloride and liquid magnesium or sodium (as metal-reducers) are 
supplied into the reactor by a dispenser, the reduction of titanium takes place in an environment 
containing a mixture of the flux vapors and argon, above the surface consisting of the liquid 
flux heated to the temperature t = 1750 – 1800 °C. All the reduced titanium as particles of 
sponge titanium when magnesium is used as a metal-reducer, or as powder when sodium is 
used as a metal reducer, is precipitated onto the surface of the liquid flux bath heated to the 
temperature t = 1750 – 1800 °C, and a solid-to-liquid phase transition of the reduced titanium 
occurs. This transition takes place as on the surface of the liquid flux as when the titanium 
passes through the liquid flux. 

Sponge titanium has the density 3.3 – 3.5 g/cm3. The liquid flux used in the experiment 
must have a density lower than that of sponge titanium to provide the titanium pass through the 
liquid flux bath. During the planned investigations, fluxes will be selected not only by their 
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density with regard to that of sponge titanium but also by the value of surface tension of the 
liquid flux as well as by other flux parameters which could affect the purity of the reduced 
titanium casted during electroslag remelting. 

In the experiments, the parameters of the processes occurring in the reactor and 
determining the energy release during the reduction of titanium from titanium tetrachloride by 
magnesium or by sodium will be analyzed. 

 
TiCl4(liquid) + 2Mg(liquid) = Ti(liquid) + 2MgCl(liquid) 

ΔHreaction = -393.9 kJ/mol 

TiCl4(liquid) + 4Na(liquid) = Ti(liquid) + 4NaCl(liquid) 

ΔHreaction = -726.85 kJ/mol 

(1) 

(2) 

(3) 

(4) 

 
The processes occurring in the reactor and in the condenser when the products of the 

titanium reduction by magnesium (magnesium chloride) or by sodium (sodium chloride) are 
removed from the reactor into the condenser will be also examined, in particular, the variation 
of the heat balance in the reactor at the removal of magnesium (or sodium) chlorides from it. 
 
 3. Conclusion 
 

A basic scheme for investigation of the new method of the production titanium based 
on a combination of Kroll (Hunter) and electroslag melting techniques is described. 
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Abstract 
 
 A CFD mathematical model for an entrained-flow gasifier is constructed – the model of 
an actual gasifier is rendered in 3D and appropriately meshed. Then, the turbulent gas flow in 
the gasifier is modeled with the realizable k-ε approach, taking devolatilization, combustion 
and coal gasification in account. Various such simulations are conducted, obtaining results for 
different air inlet positions and by tracking particles of varying sizes undergoing 
devolatilization and gasification. The model identifies potential problematic zones where most 
particles collide with the gasifier walls, indicating risk regions where ash deposits could most 
likely form. In conclusion, the effects on the formation of an ash layer of air inlet positioning 
and particle size allowed in the main gasifier tank are discussed, and viable solutions for 
decreasing the amount of undesirable deposits are proposed. 
 
Introduction 
 
 Although biomass gasification is a well known process, producers of gasifier equipment 
still face certain problems. Ash melting and deposition phenomena are important problems 
which cause the formation of a slag layer on equipment walls and may lead to a reliability 
problem due to negative effects on wall heat transfer and chemical corrosion [1]. Furthermore, 
slagging is an important phenomenon, but insufficiently investigated both experimentally and 
numerically. A number of papers describe underlying processes, but linking between local 
variables of slag (e.g. slag thickness, slag growth speed, slag movement under gravity forces 
etc.) and global variables of the gas flow is still missing. Most modeling attempts are limited to 
one or two-dimensional models [2], thus missing spatial behavior of slagging process. This 
paper aims to explain 3-D effects of particle size and flow characteristics on the formation of 
slag on the walls of an entrained-flow gasifier. 
 
1. Description of the model 
 
1.1.  Geometry 

The mathematical model is built on an existing, approximately eight meters high 
industrial entrained flow gasifier, with dimensions, inlet pipe positions and inlet parameters 
taken from the technical specification of the gasifier. The gasification process is modeled in 
3D. There are two types of geometries being analyzed – the whole gasifier in its entire height, 
and only the region where the inlet pipes enter the gasifier. This is done to analyze the inlet 
zone more in detail, as slagging occurs most intensely in that region. 

Additionally, to determine how inlet pipe positioning affects slagging tendencies, a few 
variations of the real inlet zone geometry are constructed, with inlet pipes at various angles, as 
well as a tilted variant. The different 3D models can be seen in Fig. 1.  
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Figure 1. Gasifier geometries with different inlet pipe positioning 

 
1.2. Gas mixture and flow 

The gas inside the gasifier is modelled as an incompressible ideal gas. The flow 
regime of the gas mixture inside the gasifier is turbulent, and the realizable k-ε turbulence 
model is used to account for such behaviour in the model. In the k-ε model, two governing 
equations are solved – the turbulent energy equation (for k) and the turbulent dissipation 
equation (for ε) – in addition to the Navier-Stokes equation. Furthermore, heat transport is 
also modeled via the energy transport equation. The equations are solved numerically in 
ANSYS Fluent software in a mesh consisting of approximately 800k elements, with the 
number slightly varying over different geometries. 

At the bottom of both models, a gas mixture (CO – 45%, N2 – 26%, CO2 – 16%, H2O – 
6%, CH4 – 6%, H2 – 1%) at 873 °C temperature is introduced at a constant mass flow rate 
consistent with operating conditions. The composition of this mixture was obtained from a 
separate calculation. There is a stage the biomass undergoes before entering the gasification 
chamber – first, it experiences a stage of devolatilization. This process was calculated 
separately, and the resultant gas mixture was then applied to the main model. This gas flow 
drives the co-current flow of the gasifier. Additionally, from every side inlet, a mixture of air 
and steam is introduced at 1073 °C, also at a constant mass flow rate. The mixing of these two 
flow sources and the resultant velocity field determines the behavior of particles as they travel 
through the gasifier. 

As thermal effects are important for the process of gasification, the energy equation is 
also enabled. Thus, heat transfer due to diffusion, species transfer, chemical reactions etc. are 
taken in account. The heat flux through the gasifier walls is assumed to be zero. 
 
1.3. Particles and gasification 

Particles are introduced into the gasifier via the bottom at a constant mass flow rate. To 
investigate the role of particle sizing in slagging tendencies, four particle sizes were chosen – 5 
µm, 100 µm, 500 µm and 1 mm in diameter. The particles are made up of 80% coal and non-
combustibles. The process of devolatilization takes place before the particles enter the gasifier, 
so volatile fraction is low. For all simulations, the mass flow rate of each type of particle is the 
same. 

The particle trajectories are modelled using the Lagrangian approach. The forces 
governing particle trajectory are as follows: inertial forces, gravity (facing downwards in the 
geometry sketches), thermophoretic force and a turbulence random walk force (with the 
characteristic time scale taken 0.30k/ε). The thermophoretic force manifests itself for particles 
smaller than a millimeter and is of the form: 

 

�⃗� = −𝐷 ∇𝑇  (2.1) 

 
here, D is the thermophoretic constant, m is the mass of the particle, T is the temperature around 
the particle, and ∇T is the gradient of the temperature. 
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The dominant forces in trajectory determination are the forces of inertia and gravity. 
The thermophoretic force adds small corrections, and the turbulence random walk model is 
enabled to account for small fluctuations of the turbulent gas flow that disappear when doing 
numerical calculations over averaged time steps – it adds a component of velocity to the mean 
velocity with a set of randomly generated normally distributed variables: 
 

𝑢 = 𝜁 𝑢   (2.2) 

 
here, ui is the i-th component of the fluctuation velocity, ζ is the random variable for that 
component of velocity, and the remaining term is the RMS of the i-th velocity component. The 
random variables are generated anew every time the fluctuations are applied (which is over a 
period equal to the time scale mentioned previously). 

While the particles make their way through the gasifier, they also undergo chemical 
reactions that produce syngas. Additionally, there are reactions that take place in the volume of 
the gas as well. All reaction rates are modeled with the Arrhenius equation. The reactions taken 
in account are summarized in Table 1.  

The particles are decoupled from the flow – first, the flow fields are calculated, then the 
particles trace through the acquired flow. 
 
Table 1. Summary of chemical reactions implemented in the model 

Reaction type Reaction equation A E, J/kmol Reference 
Volumetric CO + 0.5O2 → CO2 2.239×1012 1.67×108 [3] 
Volumetric CO + H2O → CO2 + H2 9.87×108 3.1×107 [4] 
Volumetric CO + 3H2 → CH4 + H2O 5.12×10-14 2.73×104 [3] 

Volumetric H2 + CO2 → CO + H2O 1.785×1012 3.26×108 
Equilibrium 
with reaction 

#2 

Volumetric 
CH4 + 1.5 O2 → CO + 

2H2O 
5.012×1011 2×108 [5] 

Volumetric CH4 + H2O → CO + 3H2 5.922×108 2.09×108 [6] 
Surface C<s> + 0.5O2 → CO 300 1.3×108 [7] 
Surface C<s> + CO2 → 2CO 2224 2.2×108 [7] 
Surface C<s> + H2O → CO + H2 42.5 1.42×108 [7] 
Surface C<s> + 2H2 → CH4 1.62 1.5×108 [7] 

 
2. Results and discussion 
 
2.1. Particle behavior with no gasification reactions 

To first see the isolated effect of the flow inside the gasifier tank on particle collisions 
with the walls of the gasifier, calculations that omit chemical reactions were made. These 
calculations were made on all geometry variants to see how inlet positioning can determine 
critical zones where slag deposition is most intense. The obtained flow velocity fields can be 
seen in Fig. 2. 

When the inlets are positioned tangentially with respect to the walls, the flow tends to 
swirl in the radial direction, but is mostly straight in the axial direction. In this regime, particles 
experience a centrifugal force as they travel upwards through the gasifier, which plays a role in 
particle collisions with the walls. When inlets are radial, secondary vortices appear in the axial 
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cross-section. Here, the particles that sediment on the walls are those that are pulled inside these 
vortices and guided towards the walls. 

 
Figure 2. Flow velocity fields for all geometry variations – from above (top) and from the side 
(bottom). The left side scale is for the first three cases, the right side scale is for the latter two 
cases 

 
Next, particle behaviour in all models was analysed. A simple wall collision model was 

used – every particle that hit a wall was terminated, and the position and size of the particle was 
reported. The obtained data is summarized in Table 2 and Fig. 3.  
 
Table 2. Results for particle collision in the model with no chemical reactions 

Model (refer to Fig. 1) a b c d e 
Total collisions 1450000 1591463 1776187 1953891 758868 
Total collisions, normalized 1.91 2.10 2.34 2.57 1 
5 µm, % 5.3 9.5 10.7 2.4 2.8 
100 µm, % 26.6 35.1 35.5 13.9 11.0 
500 µm, % 47.5 39.6 36.9 47.6 38.3 
1 mm, % 20.7 15.8 16.9 36.1 47.9 

 
From the simulations, it is evident that the problematic slagging zones become more 

pronounced as the inlets are made more radial. In particular, a spike in collisions occurring 
immediately below the inlets arises once the inlets become radial (Fig. 3 d and e). It is also 
notable that for tangential inlets (Fig 3. a and b) the collision zones are broad, owing to the 
centripetal forces that push transiting particles toward the walls. As the inlets are turned more 
radially, the broad impact zones tend to become sharper and center around the inlet zones due 
to secondary vortices that form immediately below the inlets and push particles toward the 
problematic zone. 

Furthermore, larger particles (500 µm and 1 mm) generally tend to collide with the walls 
at low heights more than the smaller particles. This is especially evident in the tangential inlet 
configuration (Fig 3. a, b, c). As the heavy particles travel through the gasifier slower than 
smaller ones, they are exposed to the centrifugal forces for a longer time, allowing for collisions. 
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Conversely, the 100 µm particles collide the least relative to the rest (see Table 2) – this is 
because the small particles can pass the inlet zone before colliding with the walls at all. 

An interesting dynamic occurs when the radial inlets are tilted (Fig. 3. e) – the total 
amount of particles experiencing collisions is the lowest of all possible configurations, 
however, the collision zone is very pronounced. In other words, there is a potential risk of 
forming a slag ring. To fully argument whether slagging occurs at the walls, though, gasification 
reactions must be taken in account and a more sophisticated trapping condition must be 
formulated for the particles. 

 

 
Figure 3. Histogram of amount of particles hitting the walls depending on the height of impact 

(numeration consistent with Fig. 1) 
 

2.2.  Particle behavior with gasification reactions 
Next, the full gasification model is enabled, allowing the gas and particles to chemically 

react with the gases present as described previously. Also, a more adequate trapping condition 
is formulated, based on the fusion temperature of the particles and conversion rate, which is 
calculated as follows [10]: 

 

𝑋 = 1 −
𝐶 𝐶

1 − 𝐶 𝐶
 (2.3) 
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where X is the conversion rate of the particle and C is the weight fraction of the material in the 
top index in the bulk of the material in the lower index.  

The condition depends on the state of both the particle and the wall [8,9,10]. The particle 
can be in either a sticky state (its temperature above fusion temperature, particle conversion 
above critical value) or a non-sticky state. Also, the fate of the particle depends on the Weber 
number (We), which shows the ratio between inertial forces in the fluid and surface tension: 

 

𝑊𝑒 =
𝜌𝑣 𝑙

𝜎
 (2.4) 

 
here, ρ is the density of the fluid, v is the velocity of the particle, l is the characteristic length of 
the particle and σ is the surface tension. 

There are different scenarios depending on whether the Weber number is above or below 
a critical value (taken to be 1). Similarly, the wall is deemed sticky if it is above the fusion 
temperature of the particle or if the impeding particle is sticky. The subsequent scenarios are 
summarized in Table 3. 
 
Table 3. Particle slagging conditions [8] 

 
Sticky particle Non-sticky particle 
We<1 We>1 We<1 We>1 

Sticky wall Slagging Slagging Slagging Reflect 
Non-sticky wall Slagging Reflect Reflect Reflect 

 
With these conditions in place, a simulation was run. The flow fields were practically 

unchanged relative to those depicted in Fig. 2, allowing to conclude that gasification processes 
do not dramatically change the flow characteristics. However, particle collisions are vastly 
different. The amount of collisions decreases rapidly in this model, and the tangential models 
report approximately 100 times more collisions than radial models as shown in Table 4. To 
explain this, temperature fields of cases a, d and e are shown in Fig. 4. 
 
Table 4. Results for particle collision in the model with enabled chemical reactions 

Model (refer to Fig. 1) a b c d e 
Total collisions 987644 996731 769458 14842 10097 
Total collisions, normalized 97.82 98.72 76.21 1.47 1 
5 µm, % 5.3 9.5 10.7 2.4 2.8 
100 µm, % 26.6 35.1 35.5 13.9 11.0 
500 µm, % 47.5 39.6 36.9 47.6 38.3 
1 mm, % 20.7 15.8 16.9 36.1 47.9 

 
For the tangential cases, temperature spikes are located near the walls. In accord with 

the particle sticking condition, this makes particles prone to slagging. Also, as previously 
explained, large particles are mostly forced towards the walls in the tangential configurations 
due to centripetal forces, further increasing the risk of excessive slag with large particle 
aggregation. The temperature spikes around the inlets and close to the walls are also reported 
experimentally, indicating that the model gives results that coincide with reality and giving a 
certain degree of validation. 

Conversely, in the radial cases, the temperature spikes are in the middle, away from the 
walls. This gives an inverse effect – the gas temperature near the walls is relatively low, 
predominantly cooling the wall and particles, tending them towards non-sticky scenarios.  
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Figure 4. Temperature fields for various models with enabled gasification reactions 
 

It is important to take in account gasification reactions, as they determine the heat 
distribution inside the gasifier. As just shown, particle and wall temperature plays a large role 
in determining whether slag will form, overriding the tendencies appearing just from the 
analysis of the gas flow with no reactions. Thus, the probability of excessive slag deposition is 
also dependent on the particular geometry of the gasifier, though it appears that in axially 
symmetrical cases tangential inlets lead to temperature spikes near walls, significantly 
increasing the danger of slagging. To avoid slagging, a radial configuration for inlets is 
recommended. 
 
4. Conclusions 
 

A model for gasification in an entrained-flow gasifier was created and run in two modes 
– without the gasification chemical processes taking place, and then with the processes taken 
in account. The first model was used to analyze the impact of the flow inside the gasifier on the 
particles passing through it. It was determined that tangentially positioned inlets create a 
swirling flow that gives rise to centripetal forces that push particles towards the walls. Smaller 
particles experience this less as they travel through the gasifier quickly, but larger particles tend 
to collide with the walls because of this. In radial inlet configurations, a secondary vortex arises 
that pushes particles into a zone directly below the inlets.  

In the second simulation run, gasification reactions are enabled and a more sophisticated 
particle capturing condition is formulated. With these in place, a dramatic change is reported – 
particles collided with walls far more in tangential configurations than radial ones. This is 
explained by the temperature fields in the gasifiers – in tangential cases, the largest temperatures 
are near the walls, while for radial cases the heat spikes are located in the middle. Therefore, a 
tentative recommendation to reduce excessive slagging can be made - slagging is decreased for 
gasifiers with axial symmetry if the inlets are positioned radially as opposed to a tangential 
positioning.  

Finally, it is determined that chemical reactions inside the gasifier take a predominant 
role in determining slagging processes and potential risk regions, taking precedence over the 
flow profile inside the gasifier. Thus, it is important to take chemical processes in account when 
modelling slagging due to gasification.  
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Abstract 

 

The development and survey results of magnetohydrodynamic pump for liquid 

magnesium are given in the paper. The analysis of pump flow and head-capacity 

characteristics and metal velocity distribution in its canal is conducted. The article considers 

the flow-rate pressure characteristics for special induction pumps. The counter flow is 

investigated in the three-dimensional problem by SST model. 

 

Introduction 

 

 Induction pump is an electrotechnologic installation intended for liquid conducting 

metal transport. The first installation with similar operating principle was patented in 1920 

[1,2]. To date the induction pump invention is supposed to belong to Albert Einstein and Leo 

Szilard [2,3]. This pump type is often applied in metallurgy industry, biomechanics and at 

nuclear power stations. There are alternatives to induction pump such as conductive or 

mechanical pumps for example. However, it is impossible to make a conclusion about what 

pump type has the best indices. Pump applicability of certain design should be analyzed for 

each case individually. 

 The study of magnetohydrodynamic pump (MHD) has been relevant for many years. It 

is because of peculiarities connected with the application of these devices in different 

branches of industry. Specific nature of pump constructions intended for different purposes 

makes it impossible to develop a general theory of induction electromechanical converters of 

energy with a liquid-metal secondary element. Successful attempts to describe and arrange 

current development results in this field was taken in papers of A.I. Voldek [3,4].  

 The current state of production of magnesium alloys with the use of MHD pumps is 

defined by quite a high level of reject. It is caused by MHD-pump breakdown in the process of 

molding due to the fracture of windings’ heat insulation and their future burnout. Induction 

pump for liquid magnesium equipped with flat coils characterized by a high-temperature 

capability is studied in the paper.  

 Special-purpose MHD pump for liquid magnesium (Fig. 1) was developed and 

implemented at OJSC “Kamensk Uralsky metallurgical plant” [5,6]. Mathematical models 

allowing us to take into account electromagnetic and hydrodynamic effects occurring due to 

the specific nature of pump construction are described in the paper.  
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Fig. 1. Picture of the pump being studied in case and without case  

 

2. Mathematical descriptions 

 A brief description of mathematical methods employed is given in the chapter. 

Description of basic mathematical equations and algorithms is given as well. Electromagnetic 

approximation with the aid of detailed magnetic equivalent circuits (DMEC) in 2-D is used 

for calculation of flow and head-capacity characteristic. Three-dimensional problem of 

magnetic and hydrodynamic fields is solved by using of finite element method (FEM) in 

Comsol 5.3. module. 

 

2.1. Detailed magnetic equivalent circuits 

 With the use of DMEC energy characteristics and forces under stationary statement 

required for calculation of flow and head-capacity characteristic taking into account an impact 

of material properties changes due to thermal and edge effects by applying Bolton’s 

coefficient are defined in the paper. The method is not new, its implementation for this pump 

is described in works [5,6], detailed algorithm is given in the following works [7-10]. 

 

2.2. Flow and head-capacity characteristic 

Flow and head-capacity characteristic is an important tool for determination of pump 

operating point. Pump parameters defined by using of flow and head-capacity characteristic 

can be expressed in terms of integral parameters of its analog, namely linear induction 

machine with a solid secondary element. Pressure losses in the result of liquid friction on the 

channel walls should be considered. The loss can be expressed in terms of cross-section and 

liquid flow velocity in the pump channel: 

 Q V S  , (1) 

where, V — velocity, S —canal section. 

The head in ist turn is composed of pump pressure and pressure loss caused by liquid 

friction in channel  

 f

F
P P

S
  , (2) 

where F — pulling force in channel,  fP —pressure losses due to friction. 

Head in this characteristic is expressed in meters of liquid column: 

 
P F

H
g S g

 
    

, (3) 

where — density of medium pumped; g  - gravitational acceleration. 

Head loss is measured in meters and can be defined according to formula, [82], 
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where V — metal flow velocity, 
4

0.3164

Re
   — pressure loss coefficient, Re  — Reynold‘s 

number; kl — length of channel;  
4 S

D





 — nominal inside diameter of the channel, 

where S— canal section. 

 

2.3. Mathematical description by finite element method  

 Simulation of MHD-pump by finite element method is implemented in Comsol 

Multiphysics. We consider a link of magnetic task with hydrodynamics through a transfer of 

forces calculated by means of Lorenz Force (4) built-in function in task of computational 

dynamics of fluid. Magnetic field is calculated in quasi-steady setting of a task. 

Hydrodynamics task can’t be solved by means of laminar models due to backward flows 

caused by high compression forces occurring near canal’s walls. In view of the above SST 

turbulent model was chosen. 

 
*1

Re
2

F J B
 

  
 

. (4) 

It should be noted as well that because of symmetry of the task it is reasonable to 

consider a half model only with the use of the certain conditions indicated at Fig.2. in order to 

save computing resources. Optimized grid of the model intended for results calculation is 

shown at Fig. 2 as well. Extended grid for more precise calculation of metal velocity field is 

constructed in the channel. The grid can be relieved with a view to magnetic task solving as a 

rule.  

 

Fig. 2. Model’s grid and boundary conditions 

 

 In the following we briefly describe boundary conditions on account of which the 

symmetry of the task is performed.  Magnetic Insulation condition is established for all 

boundaries of computational domain with exception of the canal area (5). This boundary 

condition is characterized by zero value of normal component of magnetic inductance vector 

near this border. Symmetry condition is used for magnetic task (6) and for hydrodynamics as 

well (7). The equation (6) represents the requirement that normal flow of magnetic field 

passes through the area of boundary condition. The equation (7) describes the symmetry of 

flow velocity. 

 0 n A , (5) 

 0n×Η , (6) 
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  0,   0  u×n K Κ×n n , (7) 

where   T    K u u n , n – normal vector, u – velocity vector, H – magnetic field 

vector, A – magnetic vector potential.  

 Transition boundary condition (8) is applied for simplifying of electromagnetic 

parameters calculation in metal walls of the channel. By applying the condition mentioned 

above we can establish boundary condition equivalent to the domain.  

 2 2 1
1 12 2 2 2

;S T t S t T t
s s

S T S T

Z Z Z Z
J J

Z Z Z Z

 
 

 

t1E E E E
 (8) 

where 
1 1

;         
tan( ) sin( )

S T

j j
Z Z

k kd k kd

   
   

  / ( ) ;   relative permitivity; relative permability;   electrical conductivity

d  surface thickness

k j         



 

3. Simulation results of flow and head-capacity characteristic 

 

 Mathematical calculation results of characteristics for various performance of 

induction pump with flat coils are given in this chapter of the paper. Three types of pump 

design are considered, their characteristics are given in Tab.1. Design №1 – operating pump 

for liquid magnesium with linear load of 36.5 A/mm and current density of 2.93 A/mm2 

installed at OJSC KUMZ. Pump №2 with linear load of 50 A/mm and current density of 2 

A/mm2 is designed for replacement of the operating pump №1 (pump construction is 

described in Chapter 1). Pump №3 is an ideal case of Pump №1 (limiting technical 

characteristics). Consideration of various pump types makes it possible to compare 

capabilities of pumps of different design and analyze constructions of pumps.  

 

Tab. 1. Main parameters of HDM-pumps 

Parameter Codification 
Unit of 

measure 
№1 №2 №3 

Frequency supply f Hz 50 50 679 

Number of phases  m  3 3 3 

Number of poles   2р  6 2 2 

Pole pitch   mm 60.0 180.0 180 

Width of statos pack L1 mm 100.0 85.0 85.0 

Yoke height  hA mm 35.0 40.0 40.0 

Tooth pitch  tZ mm 20.0 40.0 40.0 

Slot width bП mm 12.0 30.0 30.0 

Tooth width  bZ mm 8.0 10.0 10.0 

Tooth height hZ mm 40.0 58.5 97.8 

Number of slots  z1  18 9 9 

Number of slots per one pole and phase q  1 1.5 1.5 

Number of turns in one slot wК  2 16 16 
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Fig. 3. Flow and head-capacity characteristics of: pump №1 (a), pump №2 (b), pump №3 (c) 

and flow and head-capacity characteristic for different materials of pump №3(d). 

 

As we can see from the fig.3 the head of HDM pump №3 is 6 times higher than the  

head of HDM-pump №1 provided that feeding mode of all pumps described is the same. It 

makes it possible to use this pump for heavier metal such as zink and plumbum. Flow and 

head-capacity characteristics of HDM-pump №3 for aluminium, zink and plumbum are 

indicated at Fig.3, d. 

Results obtained with electrodynamical approximation do not allow us to take canal’s 

shape, counterflows in the pump passage and a number of other effects into account well. As 

it follows from Fig.4 heavy backward flows in near wall regions of metal canal are obtained in 

the process of task solution. This is due to relatively high pressing forces values occurring 

near canal mouth. Mean value of outlet flow rate provided that average velocity is 1-2m/sec 

on frequencies of 50 Hz and 679 Hz is equal to10-20 m3/h. 

 
Fig.4. Velocity field in cross-section of canal 
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Conclusions 

 

Calculation of flow and head-capacity pump characteristic with electromagnetic 

approximation makes it possible to evaluate integral characteristics quickly, enough for 

engineering computations. Design features and various effects connected with features of 

induction units with liquid-metal secondary element should be taken into account which 

requires simultaneous solution of magnetic field task and computational dynamics of fluid 

task. Results described in the paper show that backward flows of liquid metal are rather heavy 

that is why reverse speed of liquid metal flow should be considered in the process of magnetic 

task solution (calculation of forces in a canal).  
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Abstract 
 
 We study the melt mixing in the bath of electro-aggregates and the mixing control system. For 
this we use physical modelling of electro-vortex flows in conductive, viscous, incompressible liquid. 
In the article we describe: the task of the modelling; toroidal vortex as a base electro-vortex flow; the 
interaction of vortexes under two (and more) top electrodes; the mixing in the 3-phases EAF (electrical 
arc furnace) in comparison to the next generation DC EAF with built-in bottom electrodes; the flow 
structure in the bath with thin liquid layer and submerged electrodes; some other tasks. In many cases 
the flow structure can be estimated by approximating the electromagnetic forces field. For some 
nonlinear, nonstationary effects, like the localization of flow or large-scale 3D auto-oscillations, the 
physical modelling is the only research method. The results of modelling where confirmed and applied 
in real technologies. 
  
Introduction 
  

There are a lot of effective industrial technologies where electrical current is passed through 
the bath with liquid melt: electro-slag welding and remelting, multi-electrodes facing, 3-phases EAF, 
next generation DC EAF, flux and salt melting furnaces and others.  
 The spatial distributed electrical current 𝐽  in liquid media interacts with own magnetic field 𝐵 
and generates electromagnetic forces field 𝐽 × �⃗�. When this force field is non-potential than all fluid 
elements get elementary rotation around a local axis of force vorticity vector ∇ × 𝐽 × �⃗� . Under small 
current the process is continuing, while tension of friction and force vorticity will be balanced in each 
points of the flow.  As a result an electro-vortex flow appears, (named also “Electrically induced 
vortical flows” – EIVF). With further growing of velocity field, the flow structure becomes depending 
on nonlinear transfer 𝑊 × �⃗� of fluid vorticity �⃗� = ∇ × V⃗.  
 The technical components of electro-aggregates, - like form and relative position of electrodes, 
built-in and external current leads, bath geometry, ferromagnetic masses and others,- define the 
current distribution in the melt and EIVF there. From another hand, the EIVF defines heat-mass-
transfer in a melt bath and, as a results, metal quality, energy efficiency, ecology and safety. So, the 
understanding of EIVF is a key factor for building an effective technology. 
  The physical modelling is very exclusive and power method for EIVF investigation. Some 
3D nonlinear effects, gotten by this way, can’t be predicted otherwise, for example, large-scale non-
stationary vortexes, 3D auto-oscillations, spatial localization of flow and others. The EIVF physical 
modelling was intensively provided in 70-th [1], 80-th and till the middle of 90-th years. Later on, 
gotten results were implemented in real technologies. Perhaps, the most effective result was gotten in 
the next generation DC EAF with built-in control system of electromagnetic melt mixing. 
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1. The task of modelling   
 We use the equation of vorticity transfer  ∇ × �⃗� × �⃗� = ∇ �⃗� + S ∗ ∇ × 𝐽 × �⃗�   in 
dimensionless form with five basic assumptions. 1) A liquid has constant values of density 𝜌, viscosity 
𝜈 and electrical conductivity 𝜎. 2) The electro-dynamic approximation:  V⃗ × �⃗� ≪  𝐽 𝜎,⁄  (𝐽 =

𝜎𝐸)⃗ allows calculating electromagnetic fields independently on fluid motion. 3) Current density 
doesn’t depend on time; - we use DC (direct current) or quasi-stationary AC (alternative one) with 
time-averaged ∇ × (𝐽 × �⃗�) and neglecting by skin-effect.  4) The thermo-convection is neglected. 5) 
The free surface deformation is small and has no affect to electromagnetic fields.  
 The transfer equation has single dimensionless parameter: 𝑆 = 𝜇 𝐼 4𝜋 𝜌𝜈⁄ , (𝐼 - common 
current). The task of modelling includes: the investigation of flow structure evaluation with increasing 
value of 𝑆; getting of velocity estimations; checking possible violation of mentioned assumptions. 
There are three requirements for a physical model: the geometrical similarity; the similarity of 
electrical boundary conditions; developed nonlinear regime of flow, [2], [3].   
  
2. The EIVF  in a form of axisymmetric toroidal vortex  
  
 An axisymmetric toroidal vortex 
is a base EIVF structure that appears 
under conical current discharge, [4]. The 
typical example is a flow in a cylindrical 
model of slag bath for electro-slag 
welding. Here (Fig.1) current I 
discharges from the top electrode (radius 
R1) through the liquid to the bottom 
electrode (radius R2, k = R1/R2 <= 1); 
the bath depth H is equal to bath radius 
R2; the side wall is not electrically 
conductive. The flow has a structure of toroidal vortex, where the axis jet moves from top to bottom 
(with current density decreasing); than fluid moves to the side wall along the bottom, than up to free 
surface near the wall and is converging to the axis on the free surface. 
 The fluid velocity 𝑉 on the axis is described by formula: 𝑉 = 1.26 ∗ (𝜈 𝐻) ∗ √𝑆 ∗ 𝑀⁄ , [3]. 
Here 𝑀 = √1 − 𝑘 / 𝑘  is the dimensionless integral of vorticity of electromagnetic force field. For 
an axisymmetric task this integral is equal to the flow of ∇ × (𝐽 × �⃗�) through the meridional plane, 
or, what is the same, the circulation of 𝐽 × �⃗� along the contour around this plane.  ( -The integral M 
plays the same role for EIVF like integral of impulse for a jet from point hole on a plane, or integral 
of impulse momentum for a rotating needle). So, in Fig. 1a, when 𝑅1 → 𝑅2, (𝑘 → 1) than 𝑀 → 0 and 
there will be no liquid motion under any value of 𝑆 (of common current). Otherwise, if 𝑘 → 0, (and 
when R1 decreases to point source), - than 𝑉  increases like 1/ k under any 𝑆.    
 It was shown experimentally in [5] and recently confirmed in [6], that a toroidal vortex under 
large 𝑆 (in nonlinear regime) with converging to axis flow on a free surface is rotating around the bath 
axis of symmetry. It is recognised that azimuthal force appears due to an interaction of horizontal 
component of discharging current with small vertical component of Earth magnetic field. The other 
possible source of small azimuthal forces is non-symmetry of electric or magnetic fields. 
 One more experimental result relates to effective sizes of toroidal vortex under large values of 
𝑆: the depth H of the vortex becomes equal to it radius R. When H > R up to about 40%, or R > H up 
to 40%   than liquid around the core becomes involving into common vortex flow. But when H = 2R 

  

Fig. 1. Toroidal EIVF: a – scheme, b - meridional flow 
photo (MFP) 

a b 
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or R = 2H, than the secondary toroidal vortexes appears around or under area H = R due to friction 
tensions with central vortex boundary.  
 The next effect is shown on Fig. 2. There are two separate zones in a bath with conical current 
discharges and separate toroidal vortexes. On the left side the EIVF appears due to half-spherical 
boundary of electrical conductivity; on the right - near a small electrode. In both vortexes the fluid in 
near-axis area is moving in the same direction – from the right to the left. But between these vortexes 
there is a fluid zone without any moving. This is the 
fundamental result. In the area between vortexes there are 
an electrical current 𝐽, own magnetic field 𝐵 of the current 
and electromagnetic force field 𝐽 × 𝐵. But this force field 
is potential. There is no vorticity of  electromagnetic 
force: ∇ × 𝐽 × 𝐵 = 0, so, the fluid is not moving. 
 One more effect is an appearing of vortexes street 
under electrode of small diameter 𝑑 and under large 𝑆. 
Intensive vortexes (of 𝑑 scale) are breaking from the 
electrode and taking out the electromagnetic vorticity.  
 Details of velocity and pressure fields for toroidal 
vortex where investigated in [7], [6], [1]. The condition for 
thermo-convection neglecting is described in [3]. 
 
3. EIVF under two or several top electrodes  
  
 In a bath with two or more top electrodes a conical current discharge takes place under each 
electrode. Correspondently, current jets and toroidal vortexes (or liquid metal jets) are inducing under 
each electrode and interact upon each other. Backward flows become organized as 3D circuit 
trajectories (recirculation contours). The physical modelling of base flows under two and three top 
electrodes where provided in [8], [9], [10]. 

 
3.1. The bifilar power supply schemes 
 The bifilar scheme means that the current discharges through a liquid between two electrodes. 
On Fig.3,a, there is a photo of EIVF  that exists on electrodes plane between partly submerged 
electrodes of small diameters, [11]. Here current jets from under electrodes have opposite directions 
and liquid metal jets are pushing from electrodes to side wall. On a real free surface liquid is 
converging to each electrode, (Fig.3, b). The flow circuits are discussed below.       
 
 

3.1.1. Flow circuits under not submerged electrodes 
 Here the electromagnetic force field can be estimated by using superposition of two point 
sources (with “plus” and “minus” potentials), placed on a plane. As it was shown in [12], in this model 
a vorticity of electromagnetic forces has all three components; so, fluid trajectories circuit in all three 

 

 

Fig.2. No-moving zone between two 
toroidal EIVF: a - MFP, b - scheme 

  
Fig. 3. Two slightly submerged electrodes: a- MFP, b- top, c- bottom flows 

a 

b 

a b c 
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coordinate planes. Looking to a flow structure from the bottom side (Fig. 3, c), we see four horizontal 
contours, developed due to z-component of vector of electromagnetic vorticity.  

 
3.1.2. Flow circuits under fully submerged electrodes 
 In this case both functions of electrical current and electrical potential do not depend on 
vertical coordinate. The current discharge picture corresponds to a classical one between two point 
sources, (+/-, like in bipolar cylindrical coordinates). It can be shown, that the vector of 
electromagnetic vorticity here has only horizontal components.  
 The flow (see Fig. 4) circuits in 4-contours structure too, but with backward direction 
(relatively to Fig.3,c).  And these contours represent a secondary flow, because there is no z-
component of electromagnetic vorticity.  

 
 The main flows (jets) are developing in the electrodes plane between electrodes. Liquid is 
moving up along the cylindrical surface of electrodes, than moving to the bath axis along a free 
surface, than the flow is divided into two parts. The first part is moving down along the bath axis to a 
bottom and then back to electrodes along the bottom. The second part is moving to the side wall in 
orthogonal (to electrodes plane) direction. These orthogonal jets, when reaching the side wall, are 
divided too. A flow partly is moving along the side wall, making two circuit contours in horizontal 
plane – left and right. The second part of this flow circuit in a vertical plane (orthogonal to electrodes 
plane), moving backward to a bath axis along the bottom. 
 
3.1.3. Slightly submerged electrodes in a large cylindrical bath 
 Such a flow was investigated in [10] both visually (by free surface observation) and by exact 
velocity measurement, using fibre-optical sensor, (in a physical model of flux melting furnace).  
 When H = R (bath depth is equal to it radius) the flow is like quasi-axisymmetric toroidal 
vortex with periodical velocity changing by azimuthal coordinate. The flow near the side wall is 
moving down in electrodes plane and is moving up in the orthogonal one. It means, that in near-wall 
area (inside the toroidal vortex) there is large scale slow rotation of fluid along a cylindrical surface 
R = const. There are four separate sectors of such rotation, - one quadrant for each along-side-wall 
vortex, (90 degrees by azimuthal coordinate for each one). Flow at the bath axis is moving up. When 
H increases up to 1.4*R, the flow still has the same structure.  
 But, when H = 2*R then the structure includes two toroidal vortexes – lower and upper, with 
common axis of symmetry, and with vortex depth equal to vortex radius for each vortex.  
The upper vortex is the same, like when H = R.  The lower vortex is an axisymmetric - the flow is 
moving up in the axis and moving down along whole side wall.  
 Note, there was the first detailed investigation of toroidal vortex velocity structure under bifilar 
current leads. The effect of second vortex appearing for H=2*R, (or R = 2*H,) was fixed also under 
axisymmetric current discharge, (see p.2 above and p.4.2 below). 

 

  
Fig. 4. EIVF near 2 submerged electrodes: a - top photo, b - top scheme 

a b 
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3.1.4. Large electrodes in electro-slag remelting process  
 The electro-slag remelting process requires the bath and electrodes of large diameters: bath –
up to 2 meters and electrode – up to 1 meter. In these cases the form of electrode stump becomes 
essential for current discharging. On Fig. 5 there is an example of such a flow in a meridional plane. 
There are a quasi-axisymmetric vortex in a main bath area (near the bottom) and two intensive small-
sized vortexes in interelectrodes area.  
 In a real free surface liquid is converged to each electrodes (like on Fig.3, b). Electrodes are 
melting in a process and are submerged into slag by stumps only. So, we can expect 3D flow circuits 
here like on Fig, 3,c) 
 Whit this, on Fig.6 there is a photo of two huge electrodes (diameter 0.7 m for each), gotten 
after real electro-slag remelting process with bifilar scheme [13]. It’s looking like a main and intensive 
EIVF structure (near-stumps vortex) appears in the interelectrodes area. These local vortexes retain 
the hot slag here. And there were no nor heating enough nor hot convective flows outside of 
interelectrodes area. The effect demonstrates the heat-transfer localization, induced by non-linear flow 
localization under large common current.  
 

   
Fig. 5. Meridional EIVF scheme 
between two electrodes of large 
diameters 

Fig. 6. Photo of two real 
electrodes after electro 
slag remelting process 

Fig. 7. 3-phases not-submerged 
electrodes: a - meridional, b - bottom 
flows 

 
3.2. Three-phases AC  power supply scheme under three top electrodes 
 Such schemes are used in furnaces for electro-slag remelting and flux-melting. A fluid flow 
under 3-electrodes can be estimated like a superposition of three bifilar pairs with three planes of melt 
bath symmetry; (- every plane passes through axes of a bath and one of electrode).  
 When electrodes are not submerged, the flow on a plane of symmetry AB is shown on Fig.7,a. 
There is a fluid jet from under electrode that downward to side wall and rounded by 3D contours. 
Vertical flows circuit is seen on Fig.7,a. Looking from the bottom we’ll see 3 pairs of horizontal 
vortexes, that appeared due to z-component of electromagnetic rotor (Fig.7,b). Note that the skin-
effect was fixed in [10] for not submerged electrodes. Then electromagnetic fields and flow velocity 
were urged up a little to electrode stumps, but common flow structure was not changed. 
 When electrodes are fully submerged, the flow on a symmetry plane is shown on Fig.8,a. Like 
under bifilar, the main flow contours are developing in each of three planes of symmetry between an 
electrode and bath axis. This flows also circuit in horizontal plane in a three pairs of horizontal 
vortexes (Fig.8, b). But these six contours are a secondary flow due to a zero value of z-component of 
electromagnetic vorticity.  
 On a free surface a flow is converging to each electrode, (Fig.8, c) in all cases.  
 

a b 
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Fig. 8. 3-phases submerged electrodes: a - meridional, b - top, c -bottom flows 

 
3.3. Six electrodes scheme with  three-phases AC in T- crystallizer 
 Such a scheme was used for getting of ingots with very large diameter during electro-slag 
remelting process. Six electrodes are placed symmetrically around the bath axis, (Fig. 9,a). There are 
a several ways for turning each pair of various electrodes to single phase of 3-phases scheme. The 
flow structure will not depend on this.  
 Common flow structure will be again a 
superposition of three bifilar pairs with EIVF jet under 
each of six electrodes (Fig. 9, b) in vertical plane of 
symmetry. Each jet will move from the electrode stump to 
down and to the side wall, over a flange of T-crystallizer. 
Liquid jets will be circuit by 3D trajectories. Due to 
electrodes are slightly submerged, we can expect the 
existing of pair of horizontal vortexes under each of six 
electrodes. All these 12 contours are forced by z-
component of ∇ × (𝐽 × �⃗�).  – Four contours are shown in 
Fig. 9, b. On a free surface liquid will convergent to each 
of six electrodes. In means, the flow will move up in the 
area of bath axis.  
 The skin-effect urges up all effects (to electrode 
stumps).  

 
4. Melt mixing in electrical arc furnaces (EAF) 

 
 The EAF is world–wide modern technology of getting qualitative metal from a previously 
used metal scrub. This task sometimes bring a problem, when instead of a metal, gotten by classical 
metallurgical technology, we can get some “mixture of various material components”. Such a problem 
affects a quality of liquid metal and depends on a metal mixing during a final stage of steel-making. 
Below we’ll discuss the systems of liquid metal mixing, when a scrub is fully melted, (but will not 
discuss technologies itself). 
 
4.1.Three-phases EAF 
 The flow structure is the same, like described in p.3.2 above for not-submerged electrodes. 
There are three hot melt jets from under each arc-melt contact to a furnace bottom. Also, there are six 
sectors with horizontally-closed circuits inside. The skin-effect urges all a little to a free surface.   
 Such mixing scheme can’t be accepted as an effective one, because: 1) Sectioned circuit 
trajectories are not good enough for common heat-mass-transfer. 2) Hot metal from a free surface 
can’t moves down to all deep layers of melt bath. 3) More heating power is required to be sure that all 

 

 
Fig. 9. 3-phases 6-electrodes scheme: 
a - meridional, b - over T-flange flows 

a    b   c 

a 

b 
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scrub is melted. 4) The additional process (after EAF) is required: metal quality improvement in the 
ladle furnace by special mixing techniques, (oxygen scavenging and others).  
 Note also, the EAF under two arcs, turned in bifilar scheme (with 1-phase AC or DC current 
leads) will have the same problems. 
 
4.2. The flow structures in next generation DCAF  
 In the small DCAF (0.5 to 6 tons) there is a bottom electrode with effective diameter some 
more then diameter of arc-melt contact. The flow structure is a toroidal vortex, rotating around bath 
axis. Hot metal from a free surface is effectively transferred into the depth of melt. The velocity 
formula from p.2 above was confirmed in a real aluminium melting process. The secondary vortex 
existing around the core in a bath with R =2*H was confirmed too for a 0.5 tons furnace.  
 It was fixed in real furnaces the bottom electrode is melting in its upper part. This is a result 
of the local vortex formation here with backward meridional rotation.   
 The middle size DCAF (up to 25 tons) it has up to 5 meters diameter and two bottom 
electrodes, [14]. The physical model of 25t DCAF was built in 1:10 scale. The model had two bottom 
electrodes at the plane of symmetry and the top electrode (instead of real arc), displaced a little from 
the bath axis. The system demonstrates a huge number of possible 3D mixing structures.  
 So, on Fig. 10 there is a stable horizontal structure of dipole type with two vortexes, each over 
a bottom electrode. In the front of dipole axis the flow fragment is looking like “ergodic mixing”. 
When common current increases, this dipole begins a horizontal auto-oscillation. On Fig. 11 there are 
two photos (from 11), made during one period of oscillation every 1 sec. 
 

   
Fig. 10. DC EAF model: Variant 
of melt mixing in free surface 

Fig. 11. DC EAF model: Fragments of large-scale horizontal 
self-oscillation 

 
 Note that in all photos on Fig. 10-11 the electromagnetic force field, both meridional and 
azimuthal components, do not depend on time. It means that if in the first half of oscillation period a 
fluid is moving along the force direction, than in the second half-period – opposite to it. This is an 
effect of non-linear transfer of fluid vorticity. 
 On Fig.12 one can see the localized vortex with strong azimuthal and meridional velocities 
inside and with no any fluid motion around. The vortex is located over one of bottom electrode. There 
is also the strong deformation of free surface, that violent one of our assumption regarding physical 
modelling. The surface deformation changes the space of current discharge. As a result, 
electromagnetic force field and force vorticity field are changed too.  
 All these exotic flows can’t be accepted as a system of mixing for DCAF. The realized system 
is based on two regular experimental results. 1) For given conditions, the electromagnetic force field 
has stable azimutal component, so the melt is always rotating around the bath axis. 2) With this, there 
is an intensive heat mass transfer between azimuthally-rotating fluid layers due to three internal 
toroidal vortexes. One of them exists under the arc-melt contact. It draws hot metal from the free 
surface into a depth of the melt. Two other vortexes are formed each over own bottom electrode. All 
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three vortexes interact one to another, so a flow in the plane of symmetry is looking like it shown on 
Fig. 13. 
 Note, that the common current through a bottom electrode, as well as, fluid velocities here are 
twice less than current and velocity under the arc. With this, all vortexes over the bottom electrodes 
are carring away by the azimuthal rotating. The melting of bottom electrodes is decreases. 
 Additionally, there are some specific measures for preserving a mixing from localization, like 
on Fig. 12. 
 

   
Fig. 12. DC EAF model: localized vortex, a - no moving 
around, b - vortex near 

Fig. 13. DC EAF model: scheme of 
melt mixing in meridional flow 

 
Conclusion 
 
 The DCAF is a next generation EAF due to a number of real improvements. No any additional 
processing (lading refinance) required. Metal quality can be estimated directly by taking probes from 
a melt bath. Here we can add activators or other specific materials. Metal quality is outstanding for 
any steel grade. Dust-gas emission from over furnace top is two orders less than in 3-phase EAF 
processes.  The ecology around the DCAF is absolutely better. The noise level is much less. Required 
electrical power is less. The work place around the furnace is safely for workers. These all became 
possible due to a correct melt mixing system, (and, of course, related tech environment – arcs regimes, 
power supply source, transformer and other). The mixing effects and variants for this technology 
where studied by physical modelling.  
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Abstract 
 
 Direct chill casting is one of the methods used in industry to obtain good 
microstructure and properties of aluminium alloys. Nevertheless, for some alloys grain 
structure is not optimal.  In this study, we test the principle of using electromagnetic 
interaction to modify melt convection near the solidification interface. Solidification under 
electromagnetic interaction has been widely studied, but usually at low solidification velocity 
and high thermal gradient, where influence by electromagnetic interaction is demonstrated. 
This type of interaction may succeed fragmentation of dendrite arms and transport of 
solidification nuclei thus leading to improved material structure and properties.  Casting of 10 
mm diameter Al alloy rod under electromagnetic interaction caused by DC magnetic field and 
electric current has been done.  
 
Introduction 
 
 Aluminium alloys microstructure and physical properties may vary significantly 
depending on solidification velocity and temperature gradient at the solidification interface 
and melt flow near solidification interface as well. In industry, aluminium alloys for extrusion 
and forging is prepared by using crystallizers, which ensure controlled solidification velocity 
and oriented solidification front direction [1]. There are several technical solutions how to 
achieve rapid solidification up to 10 mm/s and large diameter ingots. One of the most popular 
is direct chill casting, where heat is evacuated by spraying oil and water at the solid part of the 
ingot [2]. It has been demonstrated that pulsed or AC electromagnetic interaction during 
directional solidification can significantly modify solidification structure of aluminium alloys 
[3]. Electromagnetic force may influence the melt flow in several ways. Static magnetic field 
has two effects. Firstly, it damps the melt flow perpendicular to magnetic field lines, but 
secondly applied magnetic field may interact with electric current near the solidification 
interface and drive melt convection [4,5] or even deform the solidified dendrite arms [6]. 
Electric current may arise because of thermoelectric effect between solid and liquid phases in 
presence of temperature gradient along solidification interface [7] or current can be injected 
directly, or induced by the alternating magnetic field. Different types of melt flow may result 
as a different effect on solidification structure, for example large scale flow in crucible scale 
may result as a change in solidification interface shape and influence the structure difference 
between core and outer crust of the ingot [8]. Whereas small scale flow in dendrite scale may 
succeed composition homogeneity and alter dendrite morphology. However there is no direct 
link between melt convection during solidification and solidification microstructure, thus for 
each alloy and electromagnetic interaction series of experiments should be done. 
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1. Experimental setup 
 
 Small scale direct chill casting experimental setup has been developed in Institute of 
Physics University of Latvia laboratory of MHD technology. Principal scheme of 
experimental setup is shown in Fig.1. Aim of the experimental setup is to test the possibility 
to influence solidification structure and impurity distribution in aluminium ingot. Vertical DC 
magnetic field is applied by the permanent magnet system placed around the solidification 
zone. Solidification interface takes place in graphite tube at the middle of permanent magnet 
system. Just below graphite tube solid part of the aluminium rod is cooled by water spray. DC 
magnetic field interacts with electric current in the aluminium near the solidification interface. 
This setup is designed to test several types of electromagnetic interaction including DC 
current injection perpendicular to solidification interface and induced current will be induced 
by the one turn water cooled copper coil fed from the capacitor bank. 
 

 

Fig. 1. Principal scheme of the experimental setup 

 
2. Results and discussion 
 
 Parameters of experimental system has been measured and compared to numerical 
models. Permanent magnet system is assembled from segment magnets and iron yoke. Inner 
cavity of magnet system is 80 mm in diameter and axial magnetic field induction at the middle 
is about 0.45 as shown in Fig.2. For the first experiments, it is planned to apply axial 50 Hz 
electric current through the solidification interface. In this case in the bulk of the solid and 
liquid parts magnetic field and current are parallel, thus there is no Lorentz force. However, at 
the dendritic solidification interface current redistribution takes place due to significant 
difference in electric conductivities between solid and liquid phases. It has been shown by 
previous work that such type of interaction may induce liquid phase flow in dendrite scale and 
modify solidification microstructure and segregation of the components [9].  
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Fig. 2. Magnet system: a) axysymmetric Comsol model; b) Magnetic field induction along r; 
c) magnetic field induction along z; d) Assembled permanent magnet system 

 
 In this work planned current density is about 1 A/mm2. If electric conductivities differ 
two times then current at the dendritic solidification interface is redistributed as shown in 
Fig.3. In this case current component perpendicular to magnetic field creates Lorentz force 
and local convection vortices around each dendrite arm is created. 
 

 

Figure 3. Electric current distribution at the dendritic solidification interface 

 
 Second type of electromagnetic interaction is by using capacitor bank discharge 
through the induction coil placed around the ingot near solidification interface. Capacitor bank 
is discharged through the coil up to 10 times per second. In this case pulsed radial force is 
created at the solidification interface. This force creates small amplitude liquid melt motion 
and alter heat and mass transfer within dendrite scale. Also in this case pulsed force prevents 
metal sticking to the mould thus potentially this technology can reduce or eliminate need to 
use oil. 
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Conclusions 
 
 Direct chill casting is one of the promising technologies for high quality aluminium 
alloy production maintaining certain properties. Our current work is aimed to improve 
existing technology by investigating the potential applications of electromagnetic interaction 
to the process. Electromagnetic interaction on liquid aluminium is perspective because of 
relatively low melting temperature, high electrical conductivity and low density of the 
material. Thus, electromagnetic elements can be placed close to the liquid metal and smaller 
magnetic field amplitude is necessary to achieve sufficient force density in the melt. So far, 
we have designed and built casting setup for 10 mm diameter aluminium rod and started the 
experiments with various electromagnetic interactions. Previous experiments in the crucible 
has demonstrated the potential of the technology.   
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Abstract 

 

 The foundry industry worldwide commonly uses channel induction furnaces to heat 

and melt alloys. The operating frequency is one of the main issues when constructing an effi-

cient channel furnace. It is possible to choose operating frequencies lower than 50 Hz using a 

modern IGBT power converter. This work shows the simulation results using ANSYS with 

the goal of finding the best electrical frequency necessary to operate the induction furnace. 

First, a two-dimensional model is used to calculate the efficiency depending on frequency. 

Then, the channel model is extended to a more realistic three-dimensional model. Finally, the 

influence of frequency, inductor profile, and several components of the induction channel fur-

nace are discussed. 

 

Introduction 

 

 The basic structure of an induction channel furnace is equal to a transformer (Fig. 1.). 

The short-circuited secondary coil with one winding is the melting channel where Joule heat is 

generated and used to heat the melt in the tank above. The excellent coil flux guide for the 

magnetic field results in a very good flux coupling between the inductor coil and the melting 

channel which represents the secondary coil. This is an important reason for the good electri-

cal efficiency of the induction channel furnace in comparison to the induction crucible fur-

nace. There are further 

problems to consider when 

operating an induction 

channel furnace. We aim to 

prevent undesirable ero-

sions or depositions at the 

surface of the refractory 

material. The heat is gener-

ated in the channel and 

must be transported to the 

melt in the tank. The power 

input to the channel is lim-

ited to prevent overheating. 

 A main goal when 

operating induction channel 

furnaces is to improve life 

time and energy savings in 

order to reduce costs and to 

increase competitiveness. 

 
 

Fig. 1. Simplified sketch of an induction channel furnace [1] 
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For many years researchers have continually optimized the components of induction channel 

furnaces, aiming to optimize melt flow and Lorentz forces, to reduce heat losses in the hous-

ing or to construct an optimal melting channel shape. Using frequencies less than 50 Hz is an 

interesting possibility for improving the electrical efficiency, since modern low-cost genera-

tors with Insulated-Gate Bipolar Transistors are available [2-5]. There is no induction channel 

furnace available to carry out experimental investigations since a great disadvantage is the 

fixed geometry. It would take a great effort to modify the channel shape and the inductor pro-

file. The frequency range is determined by the selected generator. Thus, numerical simulations 

using finite elements are very suitable to investigate the influence of low frequencies on the 

electrical efficiency. 

 

1. The Axisymmetric Shell-Core Model 

 

 We aim to investi-

gate the interplay between 

channel shape and inductor 

coil depending on frequen-

cy. That’s why the inductor 

coil profile is considered in 

detail. Since a three-

dimensional inductor coil 

model is very complex and 

time-consuming, we use the 

simplified axisymmetric 

shell-core model (see 

Fig. 2). The axisymmetric 

shell-core works as coil 

flux guide to ensure the 

excellent interlink between 

inductor coil and channel. 

The melting tank and the 

pass from the channel to 

the tank do not exist for 

these calculations. It is not 

possible to consider hysteresis loss and eddy current loss in the shell-core in the calculations. 

Further, the housing and the cooling shell geometry cannot easily be transformed into the ax-

isymmetric model. Thus, eddy current loss is neglected as well. Numerical variables such as 

the winding pitch, inductor inlet, and housing elements must also be neglected. This axisym-

metric model represents a cross-section of the magnetic flux guide, the channel, and the induc-

tor, which are 360° around the Z-axis. This model aims to reduce the computing effort while 

maintaining sufficient numerical calculation accuracy. Therefore, for our simulations we use 

the one-loop channel furnace model, which is the simplest channel induction furnace. 

 The Maxwell equations are solved using the so-called magnetic vector potential and 

the Finite Element Method (FEM) [7]. To simulate the shell-core model, the in-house code 

PROMETHEUS is used [4, 7]. Additional calculations are done using the commercial soft-

ware-program ANSYS-MAXWELL [8]. The FEM-theory is state-of-the-art and a large num-

ber of publications are available regarding this topic. Detailed investigations regarding the 

shell-core model are published in [9, 10]. 

 
Fig. 2. The simplified axisymmetric shell-core model 
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2. Simulation of the Induction Channel Furnace 

 

 Experimental inves-

tigations using low inductor 

current frequencies below 

50 Hertz for induction 

channel furnaces have 

shown that it is possible to 

improve the electrical effi-

ciency [6]. This improved 

electrical efficiency could be 

caused by the hysteresis loss 

in the coil flux guide and 

eddy current losses in the 

housing, which are both 

reduced when the frequency 

decreases. The influence of 

the frequency on the current 

density distribution in the 

inductor and in the melt 

depends on geometry and 

shall be investigated for a special kind of induction channel furnace. For this work, the con-

struction data of a 250 kW channel furnace with one loop for melting cast iron was consid-

ered. This type of channel furnace was investigated in the famous BMFT - joint research pro-

ject [2]. 

 

2. 1. The Axisymmetric Shell-Core Model 

 Using the geometry data, the one-loop induction channel furnace will be transformed 

into the simplified axisymmetric shell-core model (see Fig. 2). To simulate, we use a very fine 

mesh, which results in a 

very highly accurate electri-

cal efficiency calculation 

depending on frequency. 

 

2.2. The Tree-Dimensional 

Model 

 Our goal is to pre-

dict the influence of the 

simplifications coming from 

the shell-core model and to 

increase the model accura-

cy. To achieve this goal, we 

use the program ANSYS-

MAXWELL to carry out a 

three-dimensional simula-

tion of the induction chan-

nel furnace including hous-

ing, cooling shell, and real-

istic flux guide for the mag-

 
Fig. 3. The three-dimensional model with housing and cooling 

shell (sketch without melting tank) 

 
Fig. 4. Mesh of simplified tank and channel (MAXWELL) 
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netic field (see Fig. 3). Fig. 4 shows the three-dimensional adapted mesh of the melting chan-

nel and the melting tank. The mesh is typical for MAXWELL calculations. In this case the 

element size is partially much coarser than in the case of the two-dimensional axisymmetric 

simulation of the shell-core model. Detailed information about the three-dimensional simula-

tion can be found in the master thesis of J. Georgi [10]. 

 

3. Simulation Results 

 

 Detailed results of 

the two-dimensional shell-

core model investigations 

are published in [9, 10]. 

One important improve-

ment of the three-

dimensional model is con-

sidering the Joule heat in 

the housing (see Fig. 5) and 

in the cooling shell (see 

Fig. 6). Usually FEM-

programs (MAXWELL, 

PROMETHEUS) are able 

to parameterize particular 

quantities. Mesh, material 

properties, and impressed 

currents are assumed to be 

constant and finally the 

frequency is the parameter. 

The frequency is divided in 

1 Hz steps beginning at 

1 Hz up to 60 Hz. The sim-

ulation will be done for 

every frequency step and all 

important quantities will be 

saved. The frequency-

dependent electrical effi-

ciency is shown in Fig. 7. 

Regarding the shell-core 

model (two-dimensional 

axisymmetric) we find the 

highest electrical efficiency 

of 98.01 % at the remarka-

bly low frequency of 9 Hz. 

 We further aim to 

evaluate the accuracy of the 

shell-core model using a 

three-dimensional simula-

tion without housing and 

without cooling shell since 

the shell-core model is not 

 
Fig. 5. Joule heat in housing 

 
Fig. 6. Joule heat in cooling shell 
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able to consider these slotted structural elements. Even though the three-dimensional model 

uses a partially much coarser mesh we can observe a relatively good agreement of the electri-

cal efficiency depending on frequency (see Fig. 7: curve above - curve in the middle). The 

maximum electrical efficiency of the three-dimensional simulation without housing and with-

out cooling shell is equal to 12 Hz. In the frequency range lower than 10 Hz the difference 

between both curves increases. In the frequency range higher than 10 Hz the distance between 

both curves is nearly constant. The difference can be explained by the total resistance of the 

channel. The total electrical resistance of the channel combined with the melting tank (three-

dimensional model) is lower than the total electrical resistance of the axisymmetric shell-core 

model. The lower resistance leads to a smaller electrical efficiency. 

 The curve of the three-dimensional model in Fig. 7 shows the electrical efficiency de-

pending on frequency of the complete model including housing and cooling shell. The maxi-

mum electrical efficiency can be seen at a surprisingly low value of 5 Hz. Upon increasing the 

frequency, the electrical efficiency decreases stronger than the electrical efficiency of the 

shell-core model. The only reason can be the Joule heat in the housing and cooling of the 

three-dimensional model, which increases depending on frequency. 

 

Conclusions 

 

 This work aims to provide the numerical simulation of the frequency dependence with 

regard to the electrical efficiency of induction furnaces. Using the axisymmetric shell-core 

model, numerical simulations are well suited to investigate the influence of the inductor pro-

file, of different channel cross-sections or sizes, and of different element positions. All ele-

 

Fig. 7. Comparison of the two-dimensional shell-core model and three-dimensional model 
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ments of the model can be described using a very fine mesh in order to achieve highly accu-

rate simulation results. The advantage of the two-dimensional simulation is the acceptable 

calculation time needed to compute the given frequency range step by step, ensuring a low 

simulation error. The systematical error, caused by the simplifications of the two-dimensional 

shell-core model must be accepted. Three-dimensional simulations are done to verify the shell 

core-model. The comparison shows a good agreement between the electrical efficiency de-

pending on frequency. Differences can be explained by the simplifications of the shell-core 

model. The maximum efficiency lies at nearly the same position. 

 The realistic three-dimensional model including the housing and the cooling shell pro-

vides further arguments for the use of low frequencies to improve the electrical efficiency of 

induction channel furnaces. Further work is needed to consider thermal field effects, since the 

overall efficiency of the induction heating system is a combination of both thermal and elec-

trical efficiency. The disadvantage of the three-dimensional model is the high computation 

time to calculate the electrical efficiency for all frequencies. 

 The induced power is an important condition which we have to consider. It is basically 

possible to use a frequency of 10 Hz. Using a frequency of 5 Hz is critical because the induced 

power starts to decrease rapidly. But there is another non-technical problem. The channel fur-

nace produces noise and a frequency below 25 Hz generates painful infrasound, so that manu-

facturers won’t apply frequencies below 25 Hz. 
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Abstract 

 

 This paper presents the results of a study of the possibility of using a cermet composite 

based on Fe-Al2O3, as magnetodielectric inserts to increase the working gap between the 

inductor and the melt in the bottom electromagnetic stirrer with a rotating magnetic field. A 

three-dimensional model of a modernized laboratory facility for composite with a mass 

fraction of iron of 70% was studied. The model used previously measured electrical, thermal 

and magnetic physical parameters of composites. Numerical modeling of the problems of heat 

distribution in the modernized lining and the coupled electromagnetic-hydrodynamic-thermal 

problem of the temperature distribution in stirring molten metal was carried. A comparison of 

the results obtained for the standard and modernized stirrers has shown that the use of inserts 

is permissible in a limited range of values of the working gap. 

  

Introduction 

 In terms of production and consumption, aluminum ranks first among the sub-sectors 

of non-ferrous metallurgy, and among the branches of metallurgy in terms of volume is 

second, cede only to steel production. The main consumers of aluminum are: aviation, space, 

automotive, construction and electrical industries, as well as a number of other areas [1]. 

 Given importance, induction MHD technologies have long been used to intensify the 

metallurgical process for the production of aluminum [2]. However, the constant increase in 

the requirements for quality and cost of production leads to the need to modernize existing 

units. 

 One of the directions of modernization is the reduction of the value of the non-

magnetic working gap directly affecting the efficiency of induction MHD installations. Its 

equal to the thickness of the lining, the large value of which is due to the chemical activity of 

the molten aluminum and the considerable temperature of the metal T≈700°C. 

 An analysis of the literature shows that over the past decades, many proposals have 

been made to solve this problem [3,4,5]. Separately, it is worth highlighting those in which 

there is a direct effect on the value of the non-magnetic working gap. For example, by 

introducing a special socket in the thickness of the lining to accommodate the inductor [6]. 

Another way is to reject the magnetic core, for more efficient cooling of the windings, drawed 

nearer as close as possible to the molten metal [7]. 

 Despite the fact that these methods improve efficiency, they also have a number of 

weaknesses. Their use leads to an increase in the thermal load on the installation and an 

increase in the probability of an accident due to a reduction in the thickness of the liner. In this 

regard, new modernization options are needed, excluding these weaknesses. 

 A method has been proposed, comprising to install inserts in the lining, consisting of a 

composite material having magnetic, dielectric and high temperature properties. Such a 

solution will preserve the thickness of the lining, reduce the non-magnetic gap and exclude the 
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increase of the thermal load on the induction unit [8]. This article is devoted to a numerical 

study of the effectiveness of this method. 

 

1. Samples of the inserts and their physical parameters 

 

 As a material for the inserts, cermet based on carbonyl iron and aluminum oxide (Fe-

Al2O3) was chosen, two compositions containing 50% and 70% iron were investigated. The 

samples were pressed at a pressure P = 250 kg/cm2 and  burn at a temperature of T = 950°C. 

To measure the magnetic properties, the ammeter-voltmeter method was used for ring samples 

with a diameter of 70 mm. The electrical 

properties were measured by a two-contact 

method of impedance spectroscopy on tablets 

with a diameter of 10 mm. Thermal properties 

were obtained by laser flash and drop 

calorimetry methods. The results are shown in 

Table 1. Based on the results, it was decided 

to study the composition with 70% of iron. 

 

2. Model description 

 

 Figure 1 shows the three-dimensional geometry of the model of the modernized stirrer 

that was used in the study. 

 

 
Fig. 1. Model of modernized stirrer (air hidden): 1 – molten metal, 2 – magnetodielectric 

inserts, 3 – inductor windings, 4 – magnetic core. 

 

 The geometrical and physical parameters of the model coincide with the parameters of 

the real-life laboratory stirrer and are shown in Table 2 [9]. The inserts are arranged so that 

there is always a distance of 10 mm between their upper side and the bottom of the molten 

metal. 

In the course of the study, a multiphysical problem consisting of 3 parts was solved: 

electromagnetic, hydrodynamic and heat transfer in fluid. 

Tab. 1. Physical properties of cermets 

Parameter 50/50 70/30 

Electrical Conductivity 8*10-4 3*10-3 

Relative permeability 3,3 9,6 

Heat capacity 963 965 

Thermal conductivity 6,64 8,26 
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Tab. 2. The geometrical and physical parameters of the model 

Parametr Value Parametr Value 
Diameter of molten metal, mm 100 Length of model, mm 380 

Length of molten metal, mm 90 Relative permeability of iron core 1200 

Diameter of inductor, mm 100 Molten metal conductivity, S/m 5e6 

Length of inductor tooth, mm 27 Molten metal density kg/m3 ρ(T) 

Diameter of model, mm 445 Molten metal viscosity, Pa·s 0.002 

  

2.1. Model description 

 The following refinements and assumptions were made in the model: 

- the current frequency applied in stirrer is 50 Hz, so the magnetic field is quasistatic 

and the displacement current is ignored; 

- the time variant electromagnetic force (EMF) is replaced by the time averaged EMF; 

 - the electrical conductivity of the molten metal does not depend on temperature; 

 - losses in the magnetic core and inserts are taken into account. 

In the electromagnetic part, the Lorentz force was calculated, which is transferred to the 

hydrodynamic part. 

 

2.2 Hydrodynamic part 

Table 2 shows the calculation of basic criteria to determine the type and parameters of 

the hydrodynamic part. Based on the basic criterias and the conditions of the problem, the k-ω 

SST model of turbulence was chosen, and the following refinements and assumptions were 

introduced: 

 - calculation is carried out only in the molten metal region; 

 - free convective flows were not taken into account; 

 - the electromagnetic field of metal rotation does not affect the electromagnetic field of 

the inductor; 

 - the effect of the free surface is not taken into account; 

 - the influence of gravity is taken into account; 

 - the temperature influences the melt density parameter. 

 

Tab. 3. The parameters of the hydrodynamic part of the problem. 

Parameter Value Description 

Reynolds number 2*103-3*103 The presence of turbulent flows in the stirrer 

(Re>>Recr) 

Reynolds number (mag.) 10-1 Magnetic field of the melt does not affect 

the field of the inductor (Rem<< 1) 

Hartmann number 3*102 Electromagnetic forces significantly superior 

to viscous forces 

 

2.3 Heat transfer in fluids part 

 The temperature gradient was set as the initial condition from 949 to 964 K. The 

temperature has a dependence on the coordinate of the z axis, which coincides in direction 

with the axis of the cylinder of the molten metal. In this case, in the horizontal plane, the 

temperature of each layer is uniform. 

 As in the case of the hydrodynamic, the calculation was made only in the region of 

molten metal. Therefore, the boundary conditions are given in the form of thermal insulation 

for the bottom and side walls of the metal and the heat flux for the upper part. This heat flux 

corresponds to the contact of the metal with air. The radiation was not taken into account. 

271



 Also, in the course of the study, a second model was developed, which makes it 

possible to study the effect of insertion of the inserts on the temperature distribution in the 

lining. Its three-dimensional geometry is shown in Figure 2. This model includes only one part 

of the "Heat transfer in solids". 

 The model does not take into 

account the effect of temperature on 

its physical parameters, the 

temperature of liquid aluminum at the 

upper boundary (T = 973 K) and the 

room temperature at the lower 

boundary (T = 293 K) are set as 

boundary conditions. The lateral 

boundaries are temperature insulators. 

The heat released in the inserts as a 

result of the influence of the 

electromagnetic field on them is not 

taken into account, since it is 

negligible. 

 Evaluation of all processes in 

the stirrer was made by means of 

computer simulation in program 

COMSOL Multiphysics. 

 

3. Mesh  parameters 

 

Since different types of problems have different requirements to the size of the mesh 

elements, two types were built, the first for the electromagnetic problem, the second for the 

hydrodynamic and heat transfer. 

For the first mesh, the size of the finite elements in the melt was determined based on 

the depth of current penetration at 50Hz, the number of elements in the melt of 250,000, the 

total number of elements 540,000. 

In Figure 3 the second mesh is shown, it was built only in the melt in order to save 

computing power, the size of elements was determined based on the values of the boundary 

layer Hartmann and equal to δ = 1 mm, the total number of elements was 440,000. 

 

 
Fig. 3. Mesh for hydrodynamic and heat transfer parts 

 
Fig. 2. Model of modernized stirrer for Heat transfer 

problem (air hidden): 1 – lining, 2 – 

magnetodielectric inserts, 3 – magnetic core 
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4. Results of numerical simulation 

 The results of calculating the electromagnetic force in the volume of molten metal for 

a standard and modernized unit with a working gap of 30 mm are shown in Figure 4. Two 

maxima corresponding to the two poles of the inductor are clearly visible. 

 

 
Fig. 4. Electromagnetic force in the volume of molten metal for a standard (a) and modernized 

(b) unit 

 

 Since calculations have been made for two types of units (standard and modernized) 

having different sizes of the working gap, it is necessary to introduce a criterion that will 

adequately assess the efficiency of various designs. As such a criterion, the time was selected 

for which a complete equalization of the temperature gradient in the volume of the molten 

metal occurs. Figure 6 presents a graph of the results of calculating the multiphysical problem 

for both types of installations with working gaps of 10 to 50 mm. 

 

 
Fig. 5. Time of complete equalization of temperature gradient in the volume of molten metal 

 

 As a criterion for the second model, the temperature at the upper part of the tine of the 

magnetic core in contact with the lining or magneto-dielectric insert was chosen. The results 

of this calculation are shown in Figure 6. It follows from them that the introduction of inserts 

does not have a significant effect on the magnitude of the thermal effect on the installation. 
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Fig. 6. Time of complete equalization of temperature gradient in the volume of molten metal 

 

Conclusions 
 

The cermet based on Fe (70%)-Al2O3 (30%) can be used to modernized induction 

stirrer, to increase the value of working gap in 3-4 times, while the thermal effect decreases by 

more than 1,1 times. Despite the positive result, the loss of efficiency of the installation 

exceeds 30%. Therefore, it is necessary to carry out further work to improve the magnetic 

parameters of the cermet. 
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Abstract 

 

 Bubble detection in liquid metal is an important issue for various technological 

applications. For instance, in the framework of Sodium Fast Reactors conception, the presence 

of gas in the sodium flow of the primary and secondary loops is a problematic of crucial 

importance for surety and reliability. Here, the two main measurement methods of gas in 

sodium are Ultrasonic testing and Eddy-current testing; we investigate the second method in 

our study. In a first approach, we have performed experiments with liquid metal – galinstan – 

containing insulating spherical beads of millimeter order. The liquid metal is probed with an 

Eddy-current Flowmeter (ECFM) in order to detect the beads, and characterize their diameter 

and position. Results show that the signal measured by the ECFM is correlated to the effect of 

these parameters. Finally, an analytical model is proposed and compared to the experimental 

results. 

 

Introduction 
 

 Bubble detection and characterization in opaque media such as liquid metals is a still 

unsolved subject of research, which finds applications in several industrial domains, from the 

nuclear energy – in the Sodium Fast Reactors (SFR) – to the metallurgy. In the SFRs, the liquid 

sodium is used as a coolant of the nuclear core, and the presence of bubbles in the flow can 

disrupt the cooling properties of the liquid and also the neutron scattering of the core. Due to 

the physical properties of sodium, two measurement methods distinguish themselves for the gas 

detection: Eddy-current method, which is the principle we investigated, and Ultrasonic testing. 

Eddy-current testing is commonly used for detection of superficial defects in metallic bodies. 

Besides, flowmetry with Eddy-currents has already been implemented successfully for various 

liquid metals [1] [2]. 

 The main objective of the study is to have a robust method to detect inclusions, such as 

bubbles or impurities, in liquid metals with the aid of an Eddy-current Flowmeter (ECFM). In 

this paper, we also present models that have been developed to understand and analyze the 

measured signals. These models are based on a perturbative approach of the magnetic flux due 

to the two-phase liquid metal at low magnetic Reynolds numbers (𝑅𝑒𝑚 ≪ 1) and small skin 

depths, 𝛿 ≪ 𝐷 where 𝐷 is the characteristic length of the flow. A perturbative model has already 

been developed in [3]. It states that the total magnetic flux 𝜙 in the two-phase liquid can be 

expanded at first order in flow speed 𝑈 and void fraction 𝛼 : 𝜙 ≈ 𝜙0 + 𝜙𝑈 + 𝜙𝛼, where 𝜙0 is 

the flux in the absence of motion and due to Faraday effects, 𝜙𝑈 is the flux due to motion effects 

and 𝜙𝛼 is the perturbation of the flux due to the dispersed phase. 

In the first part, we present the experimental set-up consisting of  a tube of liquid metal 

(galinstan) containing insulating beads are arranged in known position and diameter. An ECFM 

translates along the tube to probe the liquid metal. The frequency range of the current supplying 

the ECFM is between 1000 Hz and 3000 Hz (𝑅𝑒𝑚 ≪ 1 and 4.8 < 𝛿 < 8.3 mm). In the second 

part, we study the ECFM response, by varying the current frequency 𝑓, the ECFM speed 𝑈 and 
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the bead diameter 𝐷 (bead position fixed). In the third part, we propose an analytical model of 

the perturbation of the magnetic field by one bead, and compare it with the experimental results. 

 

1. Experimental Set-Up 

 

 The set-up (Fig 2Fig 1) consists of a vertical tube made of non-

conductive non-ferromagnetic Macor ceramic tube (inner diameter 25 

mm, outer diameter 29 mm) containing a static two-phase liquid metal : 

galinstan (alloy of Gallium, Indium and Tin). Spherical beads made of 

polymer material by 3D printing are disposed in galinstan (with four 

diameters: 2, 3, 4 and 5 mm). The radial position of the beads is fixed 

with a thread at three different distances from the axis of the tube (3.5, 

6.5 or 9.5 mm). Each tube contains one thread at a given position on 

which two beads of different diameter are stuck at a distance of 90 mm 

one to the other, in order to avoid overlap effect on the ECFM signal. A 

control tube containing only galinstan is used as a reference to enlighten 

the influence of the beads on the measures. 

The ECFM is composed of 3 coaxial coils mounted on a PEEK 

polymer ring (inner diameter 31 mm, outer diameter 35 mm) : a primary 

coil P (length 20 mm, inner diameter 35 mm) and two secondary coils S1 

and S2 (length 10 mm, diameter 35 mm) on either sides (Fig 1). Each coil 

is composed of two layers of winding (copper wire of diameter 0.6 mm). 

 

Fig 2. Functionnal scheme of the experimental set-up 

 

The ECFM is fixed to an uniaxial displacement controller – piloted by the computer 2 

– and translates vertically along the tube at speeds from 1 mm/s to 1000 mm/s. Hence (by 

referential change), the ECFM probes a two-phase plug-flow. For each measurement, the 

ECFM is translated back and forth several times. 

 A lock-in amplifier piloted by the computer 1 (Fig 2) generates AC signals of given 

frequency (1000 to 3000 Hz) and voltage (1 V). The transconductance amplifier produces an 

AC output current 𝑖0 of constant amplitude (0.5 A) supplied to the primary coil P. The generated 

magnetic field produced by P induces eddy currents inside the galinstan, whose distribution is 

modified by the motion of the liquid metal and the presence of the insulating beads. The total 

magnetic flux induces an e.m.f. in secondary coils S1 and S2. The voltage difference ∆𝑉 = 𝑉𝑆2
−

𝑉𝑆1
 between the two secondary coils is measured and amplitude-demodulated by the lock-in 

Fig 1. Explanatory 

layout 
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amplifier with 𝑖0 as phase reference. We note the in-phase component ∆𝑉ǁ and the quadrature 

component ∆𝑉┴. We note |∆𝑉|  = √(∆𝑉ǁ)2 + (∆𝑉┴)2 and the phase 𝛩 = tan−1(∆𝑉┴ ∆𝑉ǁ⁄ ). 

 

2. Experimental results 

 

 Typical demodulated signals of the ECFM are depicted in Fig 3 where the bead 

diameters are 4 and 5 mm and the current frequency is 2000 Hz, for the whole speed range. The 

ECFM position coordinate corresponds to the middle of the middle of the primary coil. The 

measured voltage is the voltage difference between the two secondary coils (in-phase and 

quadrature components). The reproductivity of the results has been tested by measuring the 

signal for several translations of the ECFM and the mean standard deviation is below 2 µV, 

which is much smaller than ∆𝑉 (~1 mV). 

 At 1 mm/s and without bead, induction due to motion is negligible and we have ∆𝑉ǁ ≈
∆𝑉0,ǁ and ∆𝑉┴ ≈ ∆𝑉0,┴. It can be noticed that ∆𝑉0,ǁ and ∆𝑉0,┴ should be zero for an ideal ECFM. 

The Lorentz induction in the galinstan, due to its motion, manifests itself in two offsets ∆𝑉𝑈,ǁ 

and ∆𝑉𝑈,┴. The presence of the two beads manifests itself by two oscillations of amplitudes 

∆𝑉𝛼,ǁ and ∆𝑉𝛼,┴ centered on the bead position (46 mm and 136 mm for 5 mm bead and 4 mm 

bead respectively). 

 Fig 4 depicts the variations of |∆𝑉𝑈| and 𝛩𝑈 versus ECFM speed for the tube without 

beads. The module ∆𝑉𝑈 varies linearly with speed, which is in agreement with [3]. The phase 

𝛩𝑈 is invariant for velocity larger than 20 mm/s. For velocity smaller than this value, the voltage 

offset measurement is subject to larger uncertainties due to its small value. 

 

  

 

 

 

Fig 3. Demodulated signal (In-phase and quadrature components) (2000 Hz, radial position r 

= 9.5 mm) 

 

Fig 4. ∆𝑉𝑈 and 𝛩𝑈 vs. ECFM speed 𝑈 
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The effect of frequency is shown in Fig 5 for the same tube. The module increases with 

𝑓 up to a maximum occuring at 2000 Hz independent of the velocity. The phase 𝛩𝑈 decreases 

monotonically with frequency and becomes negative at ~2400 Hz for the whole range of 

velocity. These effect is strongly dependent on the electrical conductivity of the metal, and the 

change of sign does not occur for solid aluminium which is consistent with [3]. 

The bead effects are presented in Fig 6 to Fig 8. Fig 6 depicts ∆𝑉𝛼 and 𝛩𝛼 versus speed 

𝑈 for a bead of diameter 5 mm. As in [3], we observe that ∆𝑉𝛼 and 𝛩𝛼 approximately do not 

depend on velocity. This result is fundamental to decouple velocity effects and void fraction 

effects and is the basis for bubble detection [3]. On the contrary, the oscillation amplitude 

depends strongly on frequency as it is shown in Fig 7 for a velocity of 1 mm/s. As the frequency 

rises, ∆𝑉𝛼 increases as a consequence of the intensification of the current density in galinstan 

(Faraday induction law). On the other hand, 𝛩𝛼 decreases with frequency for the whole range 

of bead diameters. 

 
Fig 5. ∆𝑉𝑈 and 𝛩𝑈 vs. frequency 𝑓 

 
Fig 6. ∆𝑉𝛼 and 𝛩𝛼 vs. ECFM speed 𝑈 

 
Fig 7. ∆𝑉𝛼 and 𝛩𝛼 vs. frequency 𝑓 
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Fig 8 depicts ∆𝑉𝛼 and 𝛩𝛼 of the oscillation amplitude versus bead volume for a velocity 

of 1 mm/s. ∆𝑉𝛼 increases with the volume of the bead. The phase 𝛩𝛼 of the oscillation decreases 

as the bead volume increases, and this decrease is even more important as the frequency 

increases. 

 

 

Fig 8. ∆𝑉𝛼 and 𝛩𝛼 vs. bead volume 𝜋𝐷3 6⁄  (𝐺3
𝐷𝑃1

𝑓
) 

 

3. Discussion 

 

 The analytical solution of a coil surrounding a metal cylinder [4] is extended in this 

study to the case of a coil crossed by liquid metal (single phase) in motion. The induction 

equation of the vector potential 𝑨 in the metal is given by: 

 
𝜕𝑨

𝜕𝑡
=

1

𝜇𝜎
∇2𝑨 + 𝒖 × (𝛁 × 𝑨), (1) 

 

where 𝜇 is the vacuum permeability and 𝜎 the electrical conductivity of the metal. 

 The Fourier transform of this equation in cylindrical coordinates lead to: 

 
𝜕2�̃�

𝜕𝑟2
+

1

𝑟

𝜕�̃�

𝜕𝑟
−

�̃�

𝑟2
− (2𝜋𝜁)2�̃� + 𝑗(2𝜋𝜁)𝜇𝜎𝑢�̃� − 𝑗𝜔𝜇𝜎�̃� = 0, (2) 

 

where 𝜁 is the spatial frequency and 𝜔 the pulsation. 

This equation shows that Faraday induction (−𝑗𝜔𝜇𝜎�̃� in Equation (2)) and Lorentz 

induction (𝑗(2𝜋𝜁)𝜇𝜎𝑢�̃� in Equation (2)) are responsible of the phaseshift of Fig 5. The ratio of 

the Lorentz induction term and the Faraday induction term being proportional to the magnetic 

Reynolds number (much lower than 1), the Lorentz induction plays barely on the phaseshift. 

This explains why 𝛩𝑈 is not dependent on the speed in Fig 4 and Fig 5. Moreover, the lower 

the frequency, the lower the Faraday induction and the lower the phaseshift (with regard to the 

reference signal). The reference signal (current in primary coil) being a sine, the phaseshift 𝛩𝑈 

shall equal to 90° as the frequency tends towards zero, which seems to be the case in 

experimental results (up to the limit of the frequency range). 

To account for the effect of the bead, we propose to modelize its presence by a magnetic 

dipole oriented along the 𝑧 axis. The magnetic moment 𝑚 (Equation (3)) is function of the 

parameters 𝐷, ℎ and 𝑓 in the first hand, and of the spatial distribution of the current density in 

the metal (known by the analytical solution) in the second hand.  
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𝑚(𝑧) = 𝐶(𝐷, ℎ, 𝑓)√
𝑗(𝑧)

𝑗(𝑧 = 0)
 

(3) 

 

Fig 9 shows the perturbation observed in the measured signal and the perturbation due 

to the magnetic dipole for a bead of diameter 5 mm, at a speed of 1 mm/s, at a frequency of 

1000 Hz (left) and 2000 Hz (right). The model appears to be in good agreement with the 

experimental result. 

 

 

Fig 9. Perturbations observed for a bead of 5 mm, at 1 mm/s, at 1000 Hz (left) and 2000 Hz 

(right) 

 

Conclusions 

 

 In this paper, the ability of an Eddy-current Flowmeter (ECFM) to detect an inclusion – 

in the form of an insulating bead – inside a liquid metal has been attested by the experiment. A 

parametric study has been performed varying the size of the inclusion, the excitation frequency 

of the ECFM, and the relative motion of the liquid metal to the ECFM. The signal response to 

the motion follow a linear trend versus speed – which is in agreement with the litterature and 

the analytical solution. The signal response to the passing of a bead appears to be invariant 

versus speed but highly dependent versus frequency and inclusion size. A descriptive model 

has been developed and confronted with the experimental results. A second model is under 

preparation in order to have a physical explanation of the inclusion perturbation. 
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Abstract 

 

 Non-contact electromagnetic shaping of liquid metal free surfaces is crucial in several 

metallurgic processes including bending or stabilization of jets in casting or fusion 

applications. In this context we experimentally study the influence of strong axial magnetic 

fields up to 5 T on the dynamics of falling droplets and jets. As a test melt we use GaInSn 

which is liquid at room temperature. In the experiments we vary the magnetic flux density, the 

tilt angle, the liquid metal flow rate, and the diameter and the material (conducting/non-

conducting) of the nozzle. As major results we find that under the influence of the field, liquid 

metal droplets are stretched in the field direction, droplet rotation ceases, and the droplet axis 

aligns with the axis of the field. Moreover, we observe that jet break-up into droplets is 

suppressed and, for the case conducting nozzle and tilt, jets are bent towards the field axis. 

 

Introduction 

 

 Electromagnetic Processing of Materials (EPM) developed to a powerful engineering 

tool to influence or to control high-temperature processes of electrically conducting fluids like 

liquid metal melts, see [1] for an overview. In those processes, one exploits the fact that due to 

the interactions of a moving conductor and an externally applied magnetic field, Lorentz 

forces are induced. These forces, either generated by static or time-dependent fields, can be 

used for non-contact stirring and mixing, breaking, and levitation, as well as for melting 

processes using induction heating. Another application is the development of non-contact 

flow measurement techniques. Details of all these applications are given in [2]-[8].  

In this paper, we focus on the effects of electromagnetic shaping and stabilization of 

liquid metal free surfaces [9], [10], [11]. Here, we investigate the effect of an axial magnetic 

field on a liquid metal droplet and jet flow. A jet, which flows out from a nozzle to an ambient 

gas, tends to morphological instabilities. Plateau [12] has shown that due to surface tension a 

jet of initial radius r0 may break up into parts of which the size is about the initial 

circumference. Physically, the break-up can be explained by the minimization of Gibbs free 

enthalpy. Rayleigh [13] showed that the break-up is governed by disturbances of different 

wavelengths. He found a minimum critical wavelength of λc = 2πr0 for which interfacial 

perturbations are amplified, i.e. the cylindrical shape becomes unstable. This instability 

triggers the break-up of the jet into droplets. However, as shown by Chandrasekhar [14], this 

capillary instability might be stabilized by static magnetic fields of sufficient flux density. 

 In this contribution we aim to validate experimentally this stabilizing effect of a 

strong steady and homogeneous axial magnetic field on falling liquid metal droplets and jets. 

In the experiments we vary diameter and material of the nozzle, magnetic field density, the 

liquid metal flow rate, and the tilt angle between flow and magnetic field. The paper is 

organized as follows. In section 1 we present a briefly review of the dynamics of droplet and 
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jet flows and define the dimensionless parameters. In section 2, we present the experimental 

set-up. Section 3 summarizes the main results. Finally, we will provide the main conclusions. 

 

1. Theoretical background 

 

In this section we briefly summarize the main results of previous work [12]-[17] on the 

break-up of liquid metal jets into droplets. It is found that the typical droplet size corresponds 

to the wavelength of the most dangerous perturbation that show the highest growth rate, i.e. d0 

≈ 9r0, where d0 is drop diameter and r0 is the unperturbed jet radius. It is also shown that 

viscous effects tend to reduce the break-up rate and increases droplet size. The break-up is a 

complex interplay of the effects of surface tension, inertia, and friction. These effects are 

parameterized by the dimensionless groups Reynolds number Re, Weber number, and 

Ohnesorge number Oh, defined by the relations 

 

Re = u0d/, We = u0
2d/, Oh = Re1/2/We.      (1.1) 

 

Here, u0 is the characteristic velocity based on mass flux and d is the characteristic length 

(nozzle diameter). Fluid properties are kinematic viscosity , density , and surface tension . 

Parameters Re and We represent the ratios of inertia and friction forces and inertia and surface 

tension forces, respectively. Droplet flow occurs at low values of We and Oh. At higher 

values, jet flow establishes. In this parameter range flow structures can be classified as the 

Rayleigh regime and first wind-induced regime, characterized by relatively small jet velocities 

and relatively big droplets, as well as the second wind-induced regime and atomization 

regime, characterized by high-speed jets and small droplets due to the growth of short-

wavelength surface waves.  

The effects of an axial magnetic field on the capillary instability of an electrically 

conducting jet are parameterized by the dimensionless group , Hartmann number Ha, and the 

electromagnetic interaction parameter N defined by the relations 

 

 = ¼Ha2(l/r0)
1/2, Ha = B0d(/())1/2, N = Ha/Re2.                           (2.2) 

            

Here, l = 2/ is the inherent length scale of jet break-up, B0 is the flux density of the 

applied magnetic field, and  is the electrical conductivity of the liquid. Parameters Ha and N 

represent the ratios of electromagnetic forces to friction forces and inertia, respectively. The 

main finding is that a field of sufficient strength, i.e.  > 6, will stabilize the jet against all 

perturbation wavelengths, whereby λc increases. This stabilizing effect is due to the generation 

of electromagnetically induced Lorentz forces within the conducting liquid. In the present case 

of an axial field, these Lorentz forces tend to break any flow in the radial direction. In our 

model experiments we expect that at high values of N, the free-surface shapes of falling liquid 

metal jets and droplets will be strongly modified. 

 

2. Experimental set-up 

 

 The experimental set-up is sketched in Fig. 1. A syringe pump (1) delivers the test melt 

GaInSn from a collecting vessel (10) to a centering device (4) at which the nozzle is fixed. 

Intake and outtake from and into the pump is controlled by a valve (3). Pressure is measured 

by a manometer (2). Centering device and nozzle are located in the middle of a 

superconducting DC magnet (8) which produces a homogeneous axial magnetic field up to 5 

T. After its fall through the field, the melt is collected in a funnel (9). Finally, the melt flows 
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in a vessel (10). A high-speed camera (5) 

placed on top and operating at 231 fps records 

the projection of the jet or droplet flow on a 

mirror (6). Illumination is provided by a LED 

(7).  

In the model experiments we use 

nozzles of three different diameters d = (0.9, 

1.55, 2.2) mm and adjust flow rates in such a 

way to cover the parameter ranges Re = (340, 

1690, 4500), We = (0.09, 1.9, 12.1), and Oh = 

(1.1·10−3, 8.8·10−4, 7.4·10−4). Moreover, we 

vary the flux density of the magnetic field 

according to B0 = (0, 1, 2, 3, 4, 5) T 

corresponding to the parameter ranges 0 < χ < 49.5,  0 < Ha < 436.4, and 0 < N < 564.4. 

Hence, our experimental set-up operates in the regime within which electromagnetic effects 

are predicted to stabilize jet flow. Furthermore, to investigate bending effects we apply tilt 

angles of  = (0, 5°) between the axis of the field and gravity. Finally, the influence of nozzle 

material is studied by using either electrically non-conducting PTFE or well-conducting brass. 

 

3. Results 

 

3.1. Flow regimes 

In our experiments, we observe three different flow regimes, depending on the Reynolds 

number and Weber number. For Re = 340 (We = 0.09) droplet flow develops. Upon increasing 

Re up to Re = 1690 (We = 1.9), we observe a transition from droplet flow to continuous jet 

flow characterized by discontinuous short-length irregular structures. At the highest Reynolds 

number, i.e. Re = 4500 (We = 12.1), continuous jet flow establishes. This regime corresponds 

to the so-called Rayleigh regime. In the following we restrict the presentation of the results to 

some selected examples. A detailed discussion of all results will be given elsewhere. 

 

3.2. Droplet formation and droplet flow at Re = 340 

 Fig. 2 shows a temporal sequence of drop formation at the nozzle. Photographs are 

taken at the times t = (0, 34.7, 69.3, 103.9, 138.6, 173.2) ms. The upper sequence refers to the 

case when the magnetic field is absent, i.e. B0 = 0. The lower sequence shows the results for 

B0 = 5 T, i.e. in the presence of a strong axial magnetic field. Other parameters are Re = 340, 

d = 2.2 mm, and  = 0. We observe that the magnetic field suppresses the droplet growth in 

the radial direction. By that, droplets get elongated with the magnetic field lines. Similar 

effects are observed for all nozzle materials and diameters. 

 

 

 

Fig. 2. Droplet formation at the nozzle for Re = 340, d = 2.2 mm,  = 0 at B0 = 0 (Ha = 0) 

(upper sequence) and B0 = 5 T (Ha = 436.4) (lower sequence) 

Fig. 1. Sketch of the experimental set-up 
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 Fig. 3 shows contours of the droplets after their detachment from the nozzle at a fixed 

position during their fall in the axial magnetic field. In the photographs from left to right, the 

field strengths are B0 = (0, 1, 3, 5) T. Other parameters remain unchanged. A comprehensive 

comparison on Figs. 2 and 3 shows that after detachment, drop contours remain mainly 

constant. However, with increasing B0 the droplet axis gets strictly aligned in the direction of 

the field and any droplet rotation, present for the case B0 = 0 only, is suppressed. As expected, 

these observations are again independent of both nozzle material and nozzle diameter. 
 

 

Fig. 3. Contours of droplets after detachment. From left to right B0 = (0, 1, 3, 5) T. 

 

3.3. Jet break-up at Re = 1690 

 Fig. 4 shows some results from the transition regime at Re = 1690 where droplet flow 

turns into short-length jet flow. As before, in the photographs from left to right, the field 

strengths are B0 = (0, 1, 3, 5) T and again d = 2.2 mm and  = 0. We observe that under the 

influence of a strong axial magnetic field, the break-up of the jet and droplet formation, i.e. 

the so-called spherodization via capillary instabilities, are clearly suppressed. Moreover, we 

can conclude that the axial field tends to increase the lengths of the jets. As before, these 

general observations can also be made for all nozzle materials and diameters. These 

experimental findings clearly support the theoretical predictions [14]. 

 

 

Fig. 4. Jet break-up at Re = 1690. Left to right B0 = (0, 1, 3, 5) T. 

 

3.4. Jet flow at Re = 4500: influence of tilt angle and nozzle material 

Fig. 5 shows results from the Rayleigh regime at Re = 4500 within which continuous 

jet flow establishes. In all pictures, nozzle diameter is fixed d = 2.2 mm and a strong axial 

magnetic field of B0 = 5 T is present. The two left photographs depicts the case of a zero tilt 

angle, i.e.  = 0, in the absence of a magnetic field (first picture), i.e. B0 = 0, and in the 

presence of strong axial magnetic field of B0 = 5 T (second). The two right photographs refer  
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Fig. 5. Jet flow at Re = 4500. First picture:  = 0 and B0 = 0. Second:  = 0 and B0 = 5 T. 

Third:  = 5°, B0 = 5 T, and FTPE nozzle. Fourth:  = 5°, B0 = 5 T, brass nozzle. 

 

to the case when a slight tilt angle between the axes of magnetic field and gravity of  = 5° 

and a field strength of B0 = 5 T are applied. Here, the third picture refers to a nozzle made of 

the non-conducting material FTPE, while in fourth picture the nozzle material is electrically 

well-conducting brass. From our observations shown in Fig. 5 we can draw the following 

conclusions. For the case  = 0, liquid metal jet flow in the Rayleigh regime is almost 

unaffected by an axial magnetic field and by nozzle material. This finding is due to the fact 

that in this regime the jet break-up may set in far downstream, i.e. at a position beyond our 

experimental observation range. However, when a tilt angle is applied, the electrical 

conductivity of nozzle material strongly influenced the dynamics of the falling jet. In case of a 

non-conducting nozzle, we observe that again the magnetic field does not affect the jet flow. 

In contrary, when the nozzle is well-conducting, the jet is bent into the direction of the 

magnetic field axis, i.e. aligning occurs. This aligning takes place almost completely at the 

nozzle exit while the downstream flow remains again almost unaffected. Hence, for the 

bending of the jet, Lorentz forces, generated by the interaction of induced eddy currents in the 

nozzle and the axial magnetic field, are responsible. Here, the strongest electromagnetic 

effects are acting as in this region the overall electrical resistance is lowest. In turn, inside the 

liquid metal jet eddy currents remain small resulting from its high electrical resistance due to 

its thinness. 

 

Conclusions 

 

We have experimentally investigated the effects of a strong axial static magnetic field 

on the dynamics of falling liquid metal droplets and liquid metal jets. Depending on the 

Reynolds number Re, we have detected three different flow regimes. At a low value of Re = 

340, single droplet flow occurs. In this regime, drop formation at the nozzle exit is strongly 

influenced when the magnetic field is present. Furthermore, the field suppresses any droplet 

rotation along its fall in the field. At a medium vale of Re = 1690, short-length jet flow and jet 

break-up towards spherodization is observed. In this regime, we observe that, in accordance 

with theoretical predictions, the axial field strongly suppresses morphological instabilities of 

the jet. Finally, at a high value of Re = 4500, we observe the Rayleigh regime characterized by 

stable jet flow. In this regime the effects of the magnetic field are restricted to the cases of 

both a tilt angle between jet axis and field axis and electrically conducting nozzle material. 
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Here, induced Lorentz forces in nozzle exit region are capable to bend the jet in the direction 

of the field axis.  
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Abstract 
 
 Lorentz Force Velocimetry (LFV) is a non-contact flow measurement technique for  
liquid metal flow developed by Thess et al [1]. LFV relies on the basic principle of measuring 
the Lorentz force acting on a magnet system due to the eddy currents induced in the liquid flow. 
This force depends on the velocity of the liquid metal and has the same magnitude as the braking 
Lorentz force in the flow. The main aim of the project is to broaden the LFV technique to 
include two-phase local flow measurement and to numerically study the effects of two-phase 
fluid flow on the Lorentz force. Such bubble flow plays an important role in metallurgical 
processes such as ladle treatment and continuous casting and is responsible for removing 
inclusions as well as for deoxidizing and homogenizing the melt. 
 
Introduction 
 

Electromagnetic fields produced either by electric currents or by simple permanent 
magnets have a strong influence on the flow of liquid metals [2, 3]. Electromagnetic fields are 
considered a convenient method of influencing bubble dynamics, providing a variety of useful 
industrial applications. The drops and bubbles have homogenizing effects on the alloy [4] and 
provide a contactless control of electromagnetic flow [5]. Further research regarding bubble 
dynamics within liquid metals is necessary. Moving bubbles in liquid metals are not as easily 
calculated using the classical methods applied to bubbles in water. Bubbles in liquid metals 
have high Reynolds numbers, large density ratios, and high surface tension [4, 6]. Furthermore, 
liquid metals are opaque [7]. It is difficult to evaluate the flow field through experimental 
studies, which is why Lorentz Force Velocimetry (LFV) is a promising measurement technique. 
LFV measures the force acting on a magnet system proportional to the velocity of the moving 
fluid [1]. For standard LFV a large magnet system is typically applied to the magnetically 
conducting flow in order to measure the volume flux [8]. However, standard LFV is not 
sufficient to obtain information about the local flow disturbances, which crucially impact 
product quality in many metallurgical processes. Therefore, the Lorentz force flow meter is 
modified with a small permanent magnet but strongly localized magnetic field [9]. The pattern 
with which the bubbles rise to the top of the melt in this case will be compared with another 
experiment to achieve scientific validation. This work contains the Lorentz force calculations 
when the bubble rises in different positions using the two-phase Magnetohydrodynamics 
(MHD) model. In the first part of this paper, the fundamental aspects of two-phase flow and the 
numerical MHD model are presented. In the second part, a Volume of Fluid (VoF) MHD model 
is established to investigate the Lorentz force signals in relation to bubble size, velocity, and 
position. This provides a first step towards a more complete two-phase LFV model, where a 
single bubble influences the Lorentz force signal. 
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1. Numerical Method and Model Description 
 

 In this work we consider a single Argon bubble rising in an initially quiescent column 
of GaInSn with an external magnetic field. An Electric Potential Method can then be used to 
compute the electric current and Lorentz force distribution. The magnetic field is generated by 
a permanent magnet cube and then analytically calculated using the analytical permanent 
magnet model established by Furlani, E. P. [10]. In general, the electrical current density J can 
be obtained using Ohm’s law, where the electrical field E originates from the gradient of the 
electric potential   and the current-conservation law is divergence-free:  
 
  B uE J .   (1) 
 
The Lorentz force density is computed by taking the cross product of current density J and the 
external magnetic field B: 
 
 BJFL  .   (2) 
 
The magnetic field induced by the flow is neglected due to the low magnetic Reynolds number 

mRe . Thus, a quasi-static approximation can be used. According to the divergence theorem, the 
continuity equation can be written in a differential form in (3), where  , u, and B are 
continuously differentiable: 
 
     Bu   .   (3) 
 
We should consider the high ratio of electrical conductivity between Argon and GaInSn, which 
means that   discontinues abruptly in those regions. The commercial software ANSYS 
FLUENT is not able to calculate  correctly during the phase (liquid-air) transition. 
Therefore, an in-house “least square” approach is used in order to deliver the correct gradient 
of electric potential. A diffusion equation is used to calculate the electrical potential   by 
implementing the User-Defined-Scalar (UDS) in FLUENT: 
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When 𝜎 discontinues at the interface, we divide the phase transition into 2 subdomains A  and 

B  (Fig. 1) with their respective electrical conductivities A  and B . At the phase transition 
we have potential and current density continuity (5) and (6): 
 
      xx BA  ,    (5) 
 
     0  BBAA nxJnxJ


.   (6) 

 
The current density fulfills the charge conservation when: 
 
       0 BBBAAA nBuJnBuJ

   . (7) 

 
This makes following following current density correction BAcorr JJJ    necessary at the 

domain transition: 
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       |)(| AABABA nBunJJ

  .  (8) 

 
In ANSYS FLUENT solver, the domain is discretized into a finite set of control volumes [11]. 
However, FLUENT is not designed to impose corrJ  through the interface of the two cells and 

therefore, an equivalent current  
 
  AJI corrcorr  (9) 

 
is injected into the adjacent cell while considering the various electrical conductivities. The 
factor 𝑘 depends on the electrical conductivity in cell A and B. Comparing the analytical 
solution with the numerical FLUENT algorithm, we obtain:  
 

  BA

Ak





 .                                                                                                            (10) 

 
The normal component of J is zero at the outer 
boundary region of the electrically conducting fluid:  
 

   0 nBunJ
  .                       (11) 

 
From (11), one can obtain a boundary condition 
(Neumann, Flux [11]) for the electrical potential :  
 
         || nBun

  .                          (12) 
 
Detail verification and validation regarding the 
algorithms is published in [12] and it implies that the 
numerical analyses provide considerable results.  
 
2. Result for single argon bubble in GaInSn 
without magnetic field 

 The FLUENT solver with the correct electric 
potential implementation has previously validated 
through comparing predicted bubble rise velocity and 
bubble behavior. Several simulations of argon bubble 
with different sizes rising in a tube of quiescent 
GaInSn were performed and compared with previous 
experimental and computational works. In the 
simulation, a hexaeder  zyx HHH ,,  

 mmmmmm 138,6.27,6.27  with a bubble diameter of 
mmd 6.4  is used. At the initial simulation stage, an 

Argon bubble is imposed at the position 
   mmmmmmzyx bbb 48.2,8.13,8.13,,  [13]. We use 

the reference time scale refttt / with gdtref / .  
 

 

Fig. 1. Electrical conductivities dis-
continue in the transition between two 
subdomains A and B  

 

Fig. 2.  kIcorr  and  kIcorr  1  are in-

jected into cell A and cell B 
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In our two-phase model, the governing 
equations were solved using the commercial 
CFD package Ansys FLUENT 17.0, which is 
based on the finite-volume method. No-slip 
boundary conditions are used at the walls. 
The pressure-based solver is chosen and the 
VOF model computes a time-dependent 
solution. The phase continuity is solved 
through the explicit time discretization and 
the geometric reconstruction scheme is 
applied to track the interface between the 
Argon bubble and GaInSn. The VoF method 
is used because it is well suited for tracking 
3D interfaces with good volume 
conservation. The time step is set to se 41   
or lower. The primary material phase is 
argon gas and the secondary material phase 
is GaInSn. Each phase is set with its initial 
volume fraction, which is patched in a part 
of the domain. In this work, the liquid phase 
is patched with the volume fraction 1. Based 
on the volume fraction q  of each phase, the 

appropriate properties and variables are 
assigned to each control volume within the 
domain. q  has a value from 0 to 1. The 

important dimensionless numbers of argon-
GaInSn for mmd 6.4  are 49.2Eo ,

131035.3 Mo , 2649Re b . Simulation 

results were first examined and compared 
with the data of Schwarz’s simulation, 
Zhang’s experiment, and Zhang and Ni’s 
Simulation in order to bench mark our 
computational methods[13, 14, 15]. Fig. 3 

shows that the Reynolds number results are in good agreement with other data. It can be seen 
that the present model reasonably captures the flow behavior of the argon phase. The bubble 
terminal velocity obtained by the VoF model is shown in Fig. 4. The results indicate that the 
predicted terminal rising velocity is in good agreement with the theoretical Mendelson’s 
equation [16] and other simulation and experimental data. 
 
3. Result for single argon bubble in GaInSn with permanent magnet 
 

 In this section, a cubic permanent magnet      mmmmmmlll zyx 12,12,12,,   is applied 

and the bubble mmd 7  is set at the near, middle, and far positions. The domain size was 
increased to 220mm in z-direction. The center of the permanent magnet is chosen at the position
  ).90,8.13,10(,, mmmmmmCCC zyx   The non-dimensional parameters in MHD are the 

bubble Reynolds number 3360/Re 00  udu  , the Hartmann number 6.35/0  uDBHa i  , 

the magnetic Reynolds number 018.0Re 00  im Du , and the interaction parameter 

4.0Re// 2
0

2  HauLBN  . As shown in Fig. 6 the Lorentz force has the highest negative 

value when the bubble is at the near position. For st 4.0 , the bubble accelerates due to the 

 

Fig. 4. Terminal bubble rising velocity versus 
bubble diameter in comparison to the 
Mendelson equation [16], [14], [15] 

 

Fig. 3. Bubble Reynolds number over time in 
comparison to experimental and simulation data 
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buoyancy and the velocity vectors point upwards . The negative Lorentz forces break the 
upwards velocity streamline and suppress the upward velocity in the z direction. st 4.0
corresponds to the center of the permanent magnet. It shows that the Lorentz force changes 
abruptly because of the lack of effective volume in the fluid flow. Eddy current is not produced 
inside the bubble (Fig. 7) and therefore the force is almost stagnant at this time It is obvious 
that for t < 0.4s the current density flows counterclockwise in the upper part of the bubble, while 
a clockwise flow is observed in the lower part. For st 4.0 , the current density flows 
counterclockwise in the left side of the bubble, while a clockwise flow is observed in the right 
hand part. For st 4.0 , a path instability occurs and vortex structures are observed below the 
bubble. The bubble deformation and the pressure difference at the top and bottom of the surface 
lead to vortices on the side of the bubble. The eddy current flows mostly below the bubble and 
interacts strongly with the magnetic field. It produces a high negative Lorentz force. While 
rising to the top, there are changes in the local flow velocity. Now, the induced Lorentz force 
density acting towards the bubble center and the Lorentz force density acting outward from the 
bubble compensate each other and cause Lorentz force distribution. At far and middle positions, 
the Lorentz force decreases slowly due to the weak interaction between magnetic field and eddy 
current.  

 
 
 
 
 
 
 
 
 
 

 

Fig. 6. Lorentz force distribution of a bubble in different 
positions. The permanent magnet center is set close (10mm) 
to the fluid wall and far (20mm) to the fluid wall. It shows 
that the Lorentz force increases when the permanent magnet 
is near to the fluid domain 

 

Fig. 5. Computational domain. 
PM center is set close (10mm) 
to the fluid wall. Bubbles are 
injected in different positions 

 

Fig. 7. The current density vectors for bubble at near position are plotted  
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3. Conclusions 
 

To satisfy the physical conservation law when the electrical conductivities change 
abruptly in the fluid an algorithm for multiphase MHD flows in FLUENT was designed to 
calculate the Lorentz force. A Volume of Fluid method is applied to accurately capture the 
interface between two phases. The Lorentz force calculation in two-phase liquid metal is 
performed and the influence of the inhomogeneous magnetic field is analyzed. This simulation 
shows that the bubble positions influence the Lorentz force in the conducting fluid flow. A 
validation of the 3-D model with a rising Argon bubble in GaInSn is in progress. 
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Abstract 

 

 Lorentz force velocimetry (LFV) is a non-contact electromagnetic flow measurement 

technique for electrically conductive liquids. We aim to extend LFV to liquid metal two-phase 

flow measurement. In a previous test we consider the free rising of non-conductive 

bubbles/particles in a thin tube of liquid metal (GaInSn) initially at rest. Here the measured 

force is due to the displacement flow induced by the rising bubble/particle. We observe that 

the Lorentz force strongly depends on the size of the bubble/particle and the local position at 

which it travels through the applied magnetic field. However, the free rising velocity cannot 

be controlled, which is problematic for the statistics of LFV measurement. Therefore, in this 

paper we present experimental results obtained in an improved setup of controllable particle 

motions in liquid metal. In this experiment the particle rises with a straight fishing line, which 

suppresses any lateral motion and is pulled by a linear driver at controllable velocity. We 

observe the scaling laws of Lorentz force depending on particle velocity and distance between 

magnet and liquid. 

 

Introduction 

 

 Two-phase flow in electrically conductive liquid occur in a number of metallurgical 

processes [1]. For example in continuous casting of steel, argon bubbles are injected in order 

to prevent clogging of the submerged entry nozzle, to mix the melt in the mold, and to remove 

slug particles via the free surface. How bubbly liquid metal flows behave under magnetic 

fields and how to measure them is therefore not only of fundamental interest but also of 

practical importance. 

One promising candidate for liquid metal two-phase flow measurements is Lorentz 

Force Velocimetry (LFV) [2,3]. It is based on measuring the flow-induced force acting on an 

externally arranged permanent magnet. This force is the counter-force to the Lorentz force, 

which is induced in the melt due to electromagnetic interactions between the moving 

conductive liquid and the applied magnetic field. Earlier work has demonstrated the capability 

of LFV to reconstruct even complex flow fields [4] and to detect bubble/particle free rising in 

a thin tube of liquid metal [5]. However, the free-rising velocity cannot be controlled, which is 

problematic for the statistics of LFV measurement. The aim of this work is to investigate LFV 

measurement in an updated setup with particle fixed on a fishing line, which is pulled by a 

linear driver. In this experiment the particle rises along the straight fishing line that suppresses 

any lateral motions. Moreover, the vessel is much larger than the particle and particles are 

injected at the position close to one side-wall. Therefore the effects of the other three side-

walls can be neglected. Thus we can control the velocity of the particle, and investigate the 
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measurement technique in different flow regimes. In this paper we investigate the effects of 

particle velocity, and distance between particle and magnet on Lorentz force signals. 

The paper is organized as follows. In section 1 we describe the experimental setup. 

Results are discussed in section 2. Finally, we shall summarize the main findings. 

 

1.  Experimental setup 

 

 As shown in Fig. 1, the experimental setup consists of a plastic vessel 

(60×60×400mm3) filled with liquid metal GaInSn. The spherical particle made of plastic 

(6mm diameter) is electrically non-conducting and fixed on the fishing line, which is pulled 

through the top and bottom holes of the vessel and moves in 10mm distance parallelly to the 

left side-wall. The velocity of the sphere is controlled by an additional linear driver, which 

provides speeds in the range of 0 to 200mm/s. The effect of fishing line’s motion is neglected 

because of its small size (0.1mm in diameter). Our LFV consists of a 12×12×12mm3 

permanent magnet (NdFeB 42) which is installed in 10mm distance on the side of the liquid 

and an Interference-Optical-Force-Sensor (IOFS) [6], which measures the z-component of 

Lorentz forces induced by the displacement flow of liquid melt around the particle.  

 
Fig. 1. Schematic of experimental setup (1 LFV; 2 spherical particle; 3 fishing line; 4 O-ring) 

 
Fig. 2. Magnetic flux density Bx of the 12×12×12 mm3 permanent 
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The magnetic flux density Bx of the 12×12×12 mm3 permanent magnet is measured at 

certain positions by a Gauss meter, and the results are shown in Fig. 2. Obviously, the main 

contributions to the Lorentz force result from the flow induced by the moving particle in the 

region between the particle and the side-wall. Within this region, the magnetic flux density 

drops from 81.7 to 19.3mT. 

 

2.  Results and discussion 

 

The particle moving through the near-magnet region causes perturbations on the 

Lorentz force signals due to the displacement flow of the liquid metal around the particle. The 

repeatability of LFV measurement is shown in Fig. 3. Twenty samples of Lorentz force 

signals at 50mm/s of particle velocity and 10mm of gap between magnet and liquid boundary 

are presented. The peak values of Lorentz forces appear at t = 2.5s, when the particle moves 

through the near magnet region, and vary from 12µN to 24µN. The variation results from the 

systematic errors of the experimental configuration, namely the length change of the fishing 

line due to stress and the small lateral motions of it. 

 

 
Fig. 3. Samples of Lorentz forces at particle velocity 50 mm/s. 

 

The effects of particle velocities have been investigated in the cases of 10mm gap 

between magnet surface and liquid side-wall (Fig. 4). The particle velocities are 50, 75, 100, 

125, 150mm/s, respectively. The mean value of Lorentz force peaks increases with particle 

velocity, because Lorentz force density f = kσB2u [N/m3] [2] is proportional to liquid velocity, 

which is in turn affected by particle velocity. Here  is the electrical conductivity of the liquid 

metal, B is the magnetic flux density, u is the liquid velocity, and k is the proportionality 

coefficient. In addition, upon increasing particle velocity, the standard deviation of the peak 

values of Lorentz forces likewise increases. This finding can be explained by the fact that the 

wake structures become more unsteady in time and space under high Reynolds numbers [7,8]. 
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The effect of the distance between particle and magnet on peak values of Lorentz force 

signals is shown in Fig. 5. The peak values decrease by larger distance, because the magnetic 

flux density in the liquid becomes lower (Fig. 2). Additionally, the standard deviation of 

Lorentz force decreases. One reason is that the magnetic field generated by the permanent 

magnet is spatially localized. By that, the larger the distance, the lower the magnetic flux 

density (Fig. 2). The lower magnetic flux density causes less shear and thus the displacement 

flow becomes more stable. Another reason is that at larger distance, the effective volume of 

Lorentz force is larger, and the product of total Lorentz forces becomes less variable. 

 

 
Fig. 4. Lorentz force statistics vs. particle velocity. 

 

 
Fig. 5. Lorentz force statistics vs. distance between magnet surface and liquid boundary. 

 

3.  Conclusion 

 

To shortly summarise, Lorentz forces of particle rising in liquid metal under a 

permanent magnet are investigated. We observe the scaling laws of Lorentz force depending 

on particle velocity and distance between magnet and liquid. However, a strong deviation of 

Lorentz force exists when particle velocity is high due to the unsteady wake structures. The 

standard deviation of Lorentz force decreases at larger distance between magnet and liquid, 

because the effective volume is larger and the integral product of total Lorentz force becomes 

less variable. 
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Abstract 
 

In this work, we investigate numerically liquid metal stirring induced by rotating 

permanent magnets. We investigate the characteristic velocity dependence on the permanent 

magnet rotation rate and compare it to data from neutron radiography experiments. In addition 

to several recognized imperfections in the experimental results, we further improve the 

numerical model, investigating numerically the impact of using transient instead of time-

averaged force. 

 

Introduction 
 

Numerical modelling is a powerful tool for flow investigation, but requires experimental 

or theoretical validation. Typical experimental methods suitable for liquid metal flow 

measurement are Ultrasonic Doppler Velocimetry (UDV) and potential difference (Vives) 

probe, but those methods have very limited spatial resolution and melt temperature can also be 

an issue. 

Recently, a new experimental method for liquid metal flow visualization has been 

reported – the dynamic neutron radiography [1], which allows in-situ visualization of inclusion 

or tracer particle transport in liquid metal flows. However, the method is still at an early stage 

of development and a lot of work is necessary. We consider some results of this method in this 

work. 

Numerical models usually have many simplifications to make it possible to obtain 

results in a reasonable time. Often the simplified models still give satisfactory results for many 

engineering applications. One simplification that is prevalent in the modelling of 

electromagnetic field driven flows is the use of time-average or steady induced force density 

for liquid metal flow simulation. For example, in [2] iterative force density – liquid metal shape 

coupling in induction crucible is performed and in every iteration force density is calculated as 

time-harmonic (steady), disregarding the force density changes during the alternating current 

period. In that work, the approach is valid, since the fluid domain shape changes are slower 

than the period of the alternating current. In the case of rotating permanent magnets, the 

frequency is relatively small, therefore the time-average or steady force approximation must be 

tested. In this work, we try to justify the time-average forcing approximation in modelling of 

liquid metal stirring induced by rotating permanent magnets. 

 

1. Numerical model 
 

The numerical model scheme is shown in Fig.1 with dimensions and other parameters 

in Tab.1. It consists of four cylindrical counter-rotating permanent magnets located along the 

shortest dimension of liquid gallium vessel and air all around. Free surface is fixed and k-ω 

SST turbulence model is used for simulation of turbulent flow. 
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Fig.1. Model scheme 

 

To account for slip effects (in other words, to solve the 

electromagnetic problem in the reference frame of fluid 

element) the coupling algorithm described in [3] is used. First, 

we calculate transient force density distribution in a static fluid, average it over one period of 

magnet rotation and use it as a momentum source in fluid flow simulation. Velocity field is 

averaged over 60 seconds and in the next coupling iteration is used in electromagnetic 

simulation. Usually after three coupling iterations a converged time-averaged force density 

distribution is obtained and it is used to perform final fluid flow simulations. 

In this work, we also investigate the validity of using time-averaged force density for 

flow simulations. For this task, we perform simulation for one particular magnet rotation 

frequency with transient force density – force is calculated every time-step of flow simulation 

without any force averaging. For this case, no velocity slip effects are accounted for. 

For cases with slip effect, we use Ansys Emag for electromagnetic part and OpenFoam 

for fluid flow part of the simulations. For the fully transient case with time-dependent force we 

use the EOF-Library [4] which is a coupler of Elmer and OpenFoam. 

For electromagnetics, the mesh consists of about 200k elements, but for fluid dynamics 

– 300k elements (only the melt region). In fluid simulations, the time-step was set to keep the 

Courant number below 1.5 (depending on magnet rotation speed, it ranged from 0.5 to 1 ms). 

 

2. Experiment 
 

 In this work, we use data from the neutron radiography experiments conducted in 2015 

at the Swiss Spallation Neutron Source SINQ, Paul Scherrer Institute in Villigen, Switzerland. 

The setup consisted of a rectangular 10x10x3cm liquid gallium vessel, four cylindrical 

permanent magnets and an electric motor to rotate them, and solid Gd2O3+glue+Pb particles 

with diameter 0.3±0.1 mm and density close to that of gallium to serve as contrast particles for 

the neutron beam. As the particles are small, they should not have any significant effect on the 

flow and should act only as flow tracers. For more details, see [1]. 

 The neutron beam entered the liquid gallium vessel parallel to the permanent magnet 

axes and transmitted beam was detected behind the vessel using special camera with a rate of 

32 frames per second. As a result, solid particle shadow images were obtained and, after 

applying Particle Image Velocimetry (PIV) analysis, velocity field was obtained. 

 

 

Tab. 1. System parameters 

Parameter Value 

Br 1.3 T 

ω 21.15-35.2 Hz 

D 3 cm 

Lm 5 cm 

b 5 cm 

a 21 ± 2 mm 

s 0 ± 1 

Lm 10 cm 

h 10 cm 

Lb 3 cm 

ρGa 6080 kg/m3 

µGa 1.97 mPa·s 

σGa 3.7·106 S/m 
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3. Results 
 

Results consist of two sections. In section 3.1. we analyse the characteristic velocity 

dependence on the permanent magnet rotation frequency. In section 3.2. we investigate 

differences in the results, if instead of time-averaged force density we use transient force density 

(updated every time-step of fluid flow simulation). 

In Fig.2. typical time-averaged force density and velocity magnitude distribution in the 

system is shown. Qualitatively, the distribution is almost the same with or without slip effects 

considered, the only difference is in the magnitude (considering slip effects, the force and 

velocity is lower). Experimental time-averaged velocity vectors are shown in Fig.3. 

 

 
Fig.2. Time-averaged force density (left) and velocity streamlines (right) 

 

 
Fig.3. Experimental time-averaged velocity vectors 

 

3.1. Characteristic velocity vs. frequency 

Maximum time-averaged velocity in whole metal volume and separately in the 

symmetry plane (see Fig.1) as a function of magnet rotation frequency is shown in Fig.4. We 

also include the results of cases in which velocity slip effects are ignored (force density is 

calculated and averaged over one period of magnet rotation only for static fluid) and data from 

neutron radiography experiments (maximum velocity in the whole system). 
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Fig.4. Max. velocity as function of magnet rotation frequency 

 

Clearly, in this range of magnet rotation, characteristic velocity is a linear function of 

frequency. In wider range, maximum velocity in the system is proportional to the square-root 

of frequency. 

Quantitatively, experimental data is in very poor agreement with the simulations. 

Several reasons for the disagreement are pointed out in [5], which are mainly the difficulty of 

applying PIV analysis in regions of high tracer particle concentration (especially near walls 

where particles are entrained in the flow and where velocity is highest) and the fact that it is 

impossible to distinguish particles in different planes in the direction of neutron beam. 

Interestingly, the velocity correlation between cases with and without slip effects is also 

linear, in this case with a factor of about 1.3. 

 

3.2. Transient vs. time-averaged force 

In previous simulations, we used time-averaged force density to simulate transient flow. 

As it is not physically perfectly valid, we consider a case with magnet rotation frequency 21.15 

Hz using transient force density. An example of the time dependent force is shown in Fig.5 (at 

𝑡 = 0 𝑠 all permanent magnet magnetization vectors are upwards in Fig.1) 

 

 
Fig.5. Transient force density at various time moments near side wall by the magnets 

(spanning half of rotation period) 
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 Time development (magnets start rotating at 𝑡 = 0 𝑠) of velocity near maximum at the 

wall (see Fig.2 right) is shown in Fig.6 and time-averaged (over 1 second) velocity vectors in 

Fig.7. 

 

 
Fig.6. Time development of velocity from start near maximum at the wall 

 

 
Fig.7. Time-average velocity vectors 

 

It is clear from the figures above that, for this setup, transient and time-averaged forcing 

give basically the same result, both for time development of from the start and time-average 

velocity. Unlike for velocity, turbulence variables, e.g. turbulent kinetic energy, could show 

notable differences between transient and time-averaged forcing cases, but those variables are 

very sensitive to chosen turbulence model and mesh resolution. Therefore, to further investigate 

the transient vs. time-averaged forcing, careful mesh refinement and turbulence model choice 

is needed. 
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Conclusions 
 

In this work, we continued our previous investigations of the permanent magnet stirrer, 

both by neutron radiography and numerical modelling. The characteristic velocity in the 

considered range of magnet rotation frequencies (21.15 to 35.2 Hz) shows linear dependence 

on the frequency. The neutron radiography results are still very different from the simulations 

(velocities are very low), which arise mostly from the difficulties of PIV analysis of tracer 

particles in regions of high particle concentration and indistinguishability of particles in 

different depths in the direction of the neutron beam. Further improvements of the neutron 

radiography method are planned for future. For the time being, we concentrated on development 

of the numerical model. 

We have showed that velocity field is the same, whether we use time-averaged or 

transient forcing. Further model development will include investigation of turbulence variable 

dependence on the forcing type and assessment of possible effect of tracer particles on the liquid 

metal physical properties. 
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